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ABSTRACT

The effect of operating environment and alloy composition on the nature and
extent of sulfidation attack has been studied with the aid of the Lycoming
environmental test rig, Sulfidation attack of 11 nickel-base and 1 cobalt-base
alloys was produced by burning JP-4 or JP-4R fuel while ingestiny synthetic
sea water into the combustor discharge. In general, the nickel-base alloys
showed an upper (terminal) and a lower (threshoid) temperature between
1450°F and 1750°F where sulfidation attack occurred. Reduction of the fuel
sulfur content from 0. 16 weight percent (JP-4R fuel) to 0. 02 weight percent
(TP-4 fuel) significantly reducedthe amount of ccrrosion at constant salt-to-
ajr ratios of both 4 and 8 ppm. The temperature range over which sulfida-
tion occurred and the maximum deuth of attack increased with increasing
salt-to-air ratios (4 to 8 ppm) and with increases in the time of exposure
from 120 to 360 hours, In general, the high chromium content alloys possess-
ed better resistance than the low chromium content alloys, but high chromium
alone did not guarantee good resistance to attack, Microprobe and X-ray
investigations showed that chromium-rich surface oxides provided good re-
sistance to sulfidation, and that high Al/Ti ratioe provided good oxidation
resistance,

This document is subject to special export controls and each transmittal to
foreign government or foreizn naiiznals may be made only with prior
approval of the Air Force Materials Laboratory (MAAS), Wright-Patterson
Air Force Base, Ohio 43433.

iii

. e — e e e o




. s

Sections

L]

4 B F

TABLE OF CONTENTS

Introduction
Experimental Procedure
Results and Discussion..

Conclusions

22

T et Sk MBS s Ak




11

LIST OF ILLUSTRATIONS

Page
Leading Edges of T53 Gas Producer Nozzle Vanes After
Engine Operation in Viet Nam, Showing Typical Sulfida-
tion Attack. 39
Relative rferformance of Superalloys Investigated in
Engine (Salt/Air Ratio: 1 ppm) and Rig (Salt/Air Ratio:
6 prm) Tests, (From BRibliograrhical Reference 1.) 40
Airfoil Test Specimen, 41
Schematic Iliustration of Airfoil Test Specimen with Hard-
ness Pins in Place, 42
Schematic Illustration of a Rig Heating Chamber Showing
the Essential Components of the Combustor and Synthetic
Sea Water Injection System, 43
Photomicrographs Showing Various Stages of Corrosive
Attack on a Cross Section of a Test Specimen, 44
ifetal Temperature vs, Span Length for 1600°F Peak
Metal Temperature Test Obtained by Using Axial Hardness
Pins Inserted Along the Specimen Leading and Trailing
Edges and Mid-Chord Position, 45
Metal Temperature vs, Span Length for 1750°F Peak
Metal Temperature Test Obtained by Using Axial Hardness
Pins Inserted Along the Specimen Leading and Trailing
Edges and Mid-Chord Position, 46

Specimen Temperature Distribution Characteristic of 1600°F
Peak Test Temperature,

Specimen Temperature Distribution Characteristic of 1750°F
Peak Test Temperature,

Comparison of Specimen Metal Temnperatures Obtained by
Using Thermocouple (Temperatures in Parentheses) and
Hardness Pin Techniques,

47

48

49




T

i-"igures
12

14

15

16

17

18

19

20

21

LIST OF ILLUSTRATIONS (Cont'd}

General Appearance of Specimens Tested 120 Hours at
1600°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
8 ppm (5540).

General Appearance of Specimens Tested 120 Hours at
1750°F (Peak) Usirg J©-4 Fuel and a Salt/Air Ratio of
8 ppm (S542).

General Appearance of Specimens Tested 120 Hours at
1600°F Using JP-4R Fuel and an 8 ppm Salt/Air Ratio
(Test S-530).

General Appearance of Specimens Tested 120 Hours at
1750YF Using JP-4R Fuel and an 8 ppm Salt/Air Ratio
(Test 5-527).

General Appearance of Specimens Tested 120 Hours at
1600°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
4 ppm (5538).

General Appearance of Specimens Tested 129 Hours at
1750°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
4 ppm {5537).

General Appearance of Specimens Tested 120 Hours at
1600°F Using JP-4R Fuel and a 4 ppm Salt/Air Ratio
(Test S-532).

General Appearance of Specimens Tested 120 Hours at
1750°F Using JP-4R Fuel and a 4 ppm Salt/Air Ratio
(Test S-534).

General Appearance of Specimens Tested 120 Hours at
1750°F (Peak) Using JP-5 Fuel and a Salt/Air Ratio of
8 pprn (S546).

General Appearance of Specimens Tested 120 Hours at
1750°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
4 ppm (Test S551).

51

52

53

54

55

56

57

59




Figures
22

23

24

25

26

27

28

29

30

3]

32

33

LIST OF ILLUSTRATIONS {Cont'd)

General Appearance of Specimens Tested 240 Hours at
1750°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
4 ppm (Test S551),

General Appearance of Sp-:cimens Tested 360 Hours at
1750°F (Peak) Usine TP-4 Fuel and a Salt/Air Ratio of
4 ppm (Test S551).

General Appearance of Specimene Tested 120 Hours at
1600°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
4 ppm (Test S559),

General Appearance of Specimens Tested 240 Hours at
1600°F (Peak) Using TP-4 Fuel and a Salt/Air Ratio of
4 ppm (Test 5550),

General Appearance of Specimens Tested 360 Hours at
1600°F (Peak) Using JP-4 Fuel and a Salt/Air Ratio of
4 ppm (Test 550).

Corrosion as a Function of Temperature for Inco 713C
Tested Using JP-4 Fuel with a Salt/Air Ratio of 8 ppm,

Corrosion as a Function of Temperature for Inco 7131L.C
Tested Using yP-4 Fuel with a Salt/Air Ratio of & ppm.

Corrosion as a Function of Temperature for TRW 1800
Tested Using /P-4 Fuel with a Salt/Air Ratio fo 8 ppm.

Corrosion as a Function of Temperature for B1900 Tested
UJsing JP-4 Fuel with a Salt/Air Ratio of 8 ppm.

Corrosion as a Function of Temperature for B1910 Tested
Using JP-4 Fuel with a Salt/Air Ratio of 8 ppm,

Corrosion as a Function of Temperature for MAR-M-200
Tested Using JP-4 Fuel with a Sait/Air Ratio of 8 ppm.

Corrosion as 2 Function of Temperature for PDRL 161
Tested Using JP-4 Fuel with a 511t/Air Ratio of 8 ppm.

viit

7

¢ ]

60

61

62

63

04

65

66

68

69

70

71




LIST OF ILLUSTRATIONS (Cont'd)

Figures Prge
34 Corrosion as a Function of Temperature for PDRL 162
Tesated Usi..g JP-4 Fuel with a Salt/Air Ratic of 8 ppm. 72
o 35 Corrosion as a Furctior of Temperature for IN728X Tesied
i Using JP-4 Fuel with a Salt/Air Ratio of £ ppm. 73
36 Corrosion as a Function of Temperature for X40 Tested
Using JP-4 Fv~1 with a Salt/Air Ratio of 8 ppm. 74
37 Corrosion as a Function of Temperature for U700 Testerl
Using JP-4 Fuel with a Salt/Air Ratio of 8 ppm. 75
38 Corrosion as a Function of Temperature for INi0G Tested
Using JP-4 Fuel with a S21t/Air Ratio of 8 ppm, 7€
39 Corrosion as a Function of Temperature for Inco 713C
Tested Using JP-4 Fuel with a Salt/Air Ratio vf 4 ppm. "7
40 Corrosion as a Function of Temperature for Inco 7,3LC
Tested Using JP-4 Fuel with a Salt/Air Ratic of 4 ppm. 78
41 Corrosion as a Function of Temperature for TRW 180C
Tested Using JP-4 Fuel with a Salt/Air Ratio of - ppm, -,
42 Corrosion as a Function of Temperature for B1900 Testec
Using JP-4 Fuel with a Salt/Air Ratio of 4 ppin. 80
43 Corrosion as a Function of Temperature for B1910 Tested
Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm,. 81
44 Corrosion as a Function of Temperature for MAR-M-200
Tested Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm. 82
45 Corrosion as a Function of Temperature for PDRL 161
Tested Using JP-4 Fuel with a Salt/Air Ratico of 4 ppm. 8-
46 Corrosion as a Function of Temperature for PDRL 162
Tested Using JP-4 Fuel with a Salt/Air Rativ of 4 ppm. 84
47 Corrosion as a Function of Temperature for TN728X Tested
] Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm. "
]
, ix




LIST OF ILLUSTRATIONS (Cont'd) |
Figures Page
48 Corrnsion as a Function of Temperature for X40 Tested
Using JP-4 Fuel with a Salt/Air Ratio ot 4 ppm, 86
49 Corrosion as a Functinn of Temperature for U700 Tested
Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm, 87
50 Corrosion as a Function of Temperature for IN10N Tested
Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm., 88
51 Corrosion as a Function of Temperature for Inco 713C
Using JP-4R Fuel with a Salt/Air Ratio of 8 ppm, 89
52 Corrosion as a Function of Temperature for Inco 713LC
Using JP-4R Fuel with a Salt/Air Ratio of 8 ppm. 90
53 Corrosion as a Function of Temperature for TRW 1800
Using JP-4K Fuel with a Salt/Air Ratio of 8 ppm. 91
54 Corrocgion as a Function of Temperature for B1900 Using
JP-4R Fuel with a Salt/Air Ratio of 8 ppm. 92
55 Corrosion as a Function of Temperature for B1910 Using
JP-4R Fuel with a Salt/Air Ratio of 8 ppm. 93
56 Corrosion as a Function of Temperature for MAR-M-200
Using JP-4R Fuel with a Salt/Air Ratio of 8 ppm. 94
57 Corrosion as a Function of Temperature for PDRL 161 : .
Using JP-4R Fuel with a Salt/Air Ratio of 8 ppm. 95 ¢
f 58 Corrosion as a Function of Temperature for PD™ L 162 ‘
: Using JP-4R Fuel with a Salt/Air Ratic of 8 ppm. 96 i
59 Conrrosion as a Function of Temperature for IN728X 3
Using JP-4R Fuel vith a Salt/Air Ratio of 8 ppm, 97 !
60 Corrosion as a Functicn of Temperature for X40 Using !
JP-4R Fuel with a Sa't/Air Ratio of 8 ppm, 98 |
‘ 61 Corrzcziun as a Function of Temperature for U700 Using §
’ a JP-4R Fuel with a Salt/Air Ratio of 8 ppm. 99 !
| .
‘ x
i L]




62

63

64

65

66

67

68

69

70

72

73

74

75

LIST OF ILLUSTRATIONS (Cont'd}

Corrosion as a Function of Temperature for INi0OG Using
JP-4R Fuel with a Salt/Air Ratio of 8 ppm.

Corrosion as a Function of Temperature for Inco 713C
Using JP-4R Fuel witk a Salt/Air Ratio of 4 ppm,

Corrosion as a Function of Temperature for Inco 713LC
Using JP-4R Fuel with a Salt/Air Rato of 4 ppm,

Corrosion as a Function of Temperature for TRW 1800
Using JP-4R Fuel with a Salt/Air Ratio of 4 ppm.

Corrosion as a Function of Temperature for B1900 Using
JP-4R Fuel with a Salt/Air Ratio of 4 ppm.

Corrosion ag a Function of Temperature for B1910 Using
JP-4R Fuel with a Salt/Air Ratio of 4 ppm.

Corrosion as a Function of Temperature for MAR-M-200
Using JP-4R Fuel with a Salt/Air Ratio of 4 ppm.

Corrosion as a Function of Temperature for PDRL 161
Using JP-4R Fuel with a Salt/Air Ratio of 4 ppm.

Corrosion as a Function of Temperature for PDRL 162
Using JP-4R Fuzl with a Salt/Air Ratioof 4 ppm.

Corrosion as . Function of Temperature for IN728X Using
JP-4R Fuel with a Salt/Air Ratio of 4 ppm.

Corrosion as a Function of Temperature for X40 Using
JP-4R Fuel with a Salt/Air Ratio of 4 ppni,

Corrosion as a Function of Temperature for U700 Using
JP-4R Fuel with a Salt/Air Ratio of 4 ppm,

Corrosion as a Function of Temperature for IN100 Using
JP-4R Fuel with a Salt/Air Ratio of 4 ppm,

Corcosion as a Functicn of Temperature for Inco 713C

T.sted Using JP-5 Fuel (0, 16%S) with a Salt/Air Ratio
of & pym,

xi

100

101

102

103

104

105

106

107

108

109

110

111

112

113




O o nemmen & L im e deeeier

LIST OF ILLUSTRATICNS (Cont'd)

I Figures Page
j 76 Corrosion as a Function of Temperature for Inco 713LC
Tested Using JP-5 Fuel (0. 16%S) with a Salt/Air Ratio
of 8 ppm, 114
77 Corrosion as a Function of Temperature for TRW 1800
Tested Using JP-5 Fuel (0.16%S) with 2 Salt/Air Ratio
of 8 ppm. 115
] 78 Corrosion as 4 Function of Temperature for B1900 Tested
} Using JP-5 Fuel (0. 16%S) with a Salt/Air Ratio of 8 ppm. 116
79 Corrosion as a Function of Temperature for B1910 Tested
Using JP-5 Fuel (0. 16%S) with a Salt/Air Ratio of 8 ppm, 117
80 Corrosion as a Function of Temperature for MAR-M-200
Tested Using JP-5 Fuel (0. 16%S) with a Salt/Air Ratio of
8 ppm. 118
81 Corrosion as a Function of Temperature for PDRL 161
Tested Using JP-5 Fuel (0, 16%S) with a Salt/Air Ratio
: of 8 opm. 119
82 Corrosion as a Furn:tion of Temperaiure for PDRL 162
Tested Using JP-5 Fuel (0. 16%S) with a Salt/Air Ratio
of 8 ppm. 120
83 Corrnsion as a Function of Temperature for IN728X
Tested Using JP-5 Fuel (0.16%S) with a Salt/Air Ratio .
of 8 ppm. 121
84 Corrocion as a Function of Temperature fo X40 Tested
Using JP-5 Fuel (0, 16%S) with a Salt/Air Ratio of 8 ppm. 122
85 Corrosion as a Function of Temperature for U750 Tested
Using JP-5 Fuel (0. 16%S) with a Salt/Air Ratio of 8 ppm, 123
86 Corrosion as a Function of Temperature for IN100 Tested
Using JP-5 Fuel (0, 16%S) with a Salt/Air Ratio of 8 ppm. 124
87 Corrosion as a Function of Temperature for Inco 713C
Tested Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm., 125
xi




LIST OF ILLUSTRATIONS (Cont'd) ,
, :
Figures Page
88 Corrosion as a Function of Temperature for TRW 1800 ;
Tested Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm. 126
|
89 ‘ Corrosion as a Function of Temperature for B1910
Tested Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm. 127
4 90 Corrosion as a Fuaction of Temperature for IN728X Tested
Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm. 128
91 Corrosion as a Function of Temperature for IN728X HT
Tested Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm, 129
92 Corrosion as a Function of Temperature for U700 Tested
Using JP-4 Fuel with a Salt/Air Ratio of 4 ppm. 130
93 Bar Craph Showing Variation in Total Corrosion of Alloys
Tested with JP-4 and JP-4R Fuels Using 4 and 8 ppm
Salt/Air Ratios, 131
94 Total Corrosion as a Function of Chromium Content for
Alloys Tested Using JP-4R Fuel, 132
95 Threshold Temperature as a Function of Chromium Content ’
for Alloys Tested Using a Salt/Air Ratio of 8 ppm. 133 |
96 Variation of Total Corrosion with Time for Alloys Tested i
Using JP-4 Fuel and a Salt/Air Ratio of 4 ppm, 134 g
97 Depth of Attack at 1550°F as a Function of Time of ’
Exposure. 135 !
i
98 Oxidized Surfaces of U700 and IN728X After 360 Hours of ‘
Testing at 1700°F, 136
99 Optical and Microprobe Images of Needle Phase Surface of
IN728X After 360 Hours of Testing at 1750°F, 137
100 Paddles Used in X-Ray Diffraction Analysis After 120 Hours
: of Testing at 1750°F Using JP-4R Fuel and an 8 ppm Salt/
l Air Ratio. 138
}
i xiii




LIST OF ILLUSTRATIONS (Cont'd)

Changes in the Alloy Composition at the Interface Betwe en
the Matrix and Depletion Zone for B1910 and IN728X,

Examples of Microprobe Line Scans for Aluminum and
Chrorium Near the Surfaces of Corroded Specimens,

Photomicrographs Showing Typical Sulfidation Affected
Area in Materials Examined by Microprobe Analysis.

Page

140

141




Table No.

VI

va

Vi

IX

LIST OF TABLES

Phase I Test Parameters
Phase II Test Parameters
Operating Parameters

Results of Chemical Analyses of the Nickel and
Cobalt Base Alloys (Used in Phase I)

Results of Chemical Analyses of the Nickel and
Cobalt Base Alloys (Used in Phase )

Results of Chemical and X-ray Fluorescence
Analyses of Phase II Nickel Base Alloys

Results of Testing at 1600° and 1750°F Peak
Temperatures Using JP-4 and JP-4R Fuel
With a 4 PPM Salt/Air Ratio

Results of Testing at 1600° and 175C°F Peak
Temperatures Using JP-4 and JP-4R Fuel
With a 8 PPM Salt/Air Ratio

Relative Performance of Alloys Tested Uncer
Various Test Conditions

Threshola and terminal Temperatures After 120 and
360 Hours Testing Using JP-4 Fuel and a Salt-to-Air

Ratio of 4 PPM

27
28
29

30

31

32

33

34

Summary of Corrosion Products Found onithe Trailing

Edge After 40 Hours of Rig Testing

35

Summary of Corrosion Products Found on the Trailing

Edge After 120 Honrs Testing

Summary of Corrosion Products Found in Powders

Removed From Area Which has Undergonc Sulfidation

Corrosion for 120 Hours of Testing

Microprobe Analysis of Depletion Zone Areas

36

37

e

-3




SECTION 1

INTRODUCTION

BACKGROUND
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Gas turbine engineering and its associated technology have made immense
aagvances since their iniception in the late 1930's, with the technology of
materials development and its application being foremost. The initial
requirements of materials for use in the turbine section were met by the
relatively simple 80/20 nickel-chromium alloy, which has moderate high-
temperature strength coupled with good, inherent corrosion ard oxidation
resistance. As the requirements became more and more stringent,
modification of the basic 80/20alley took place, resulting in the addition

of aluminum and titanium, known tc increase strength by forming Ni, (AL,
Ti), and a consequent decrease in chromiumn content. The first such
modified 80/20 alloy was Nimonic 80, quickly followed by Waspaloy.
Subsequently, many alloys from the same basic family became available.
The major emphasis in continuing alloy development has been toward
maintenance of strength at the higher operating temperatures required to
develop greater turbine horsepower/weight ratios while retaining adequate
resistance to oxidation. Concurrent with these improvements, the use of gas
turbine engines spread to fields other than aircraft. Their use in marine
applications subjected the high-temperature alioys to new environments and
resulted in the appearance of catastrophic corrosion of turbine components
manufactured from these sophisticated, high-temperature strength aiioys.
Because the attack was characterized by sulfur penetration into the base
metal, the term sulfidation was used to describe it. Recurring cases
reported by many sources using the high-temperature strength nickel-tase
alloys indicated that sulfidation was an industry-wide problem and not just
an isolated phenomenon associated with local environments and/ur fuels.
At AVCO Lycoming, experience with the problem of sulfidation commenced
with the discovery, at engine overhaul, of an unusual form of corrosion on
uncoated T53 gas producer nozzle vanes of Inco 713C (Figure 1) after they
had seen service in Viet Nam. 1 During this same period of time, the Navy
returned a T53-L-11 engine to AVCO Lycoming from Patuxent River for
investigation of a premature turbine failure. Subsequent analysis of damaged
eng'ne hardware revealed that the uncoated Inco 713C gas producer nozzle
vanes exhibited the same type of attack as that observed on the nozzles
which had seen service in Viet Nain. Concurrently, a similar attack was
observed on uncoated Inco 713C hardware from AVCO Lycoming's marine
engines (LVW, LVH) which were being developed during this period.




Early research into the causes of sulfidation, or hot corrosion as it is also
called, revealed that at least four independent parameters play major roles:

1. Temperature of operation.

P : 2. Presence of sulfur in the operating environment.
3. Presence of salt.

4. Alloy compcsition.

However, the variation of alloy performance due to changes in these para-
meters was not well understood, and in some cases, obviously conflicting
results had been reported. The disagreements in tests results were
largely caused by differences in the experimental procedure used to
produce corrosion. Many of the testing approaches were much too severe
and yielded only crude qualitative results. Other testing techniques ignored
the importance of simulating certain basic characteristics of the gas
turbine engine environment and were, therefore, incapable of reproducing
the desired attack. Because of these inconsistencies, an environmental
test rig was designed and built by AVCO Lycoming whkich can reasonably
simulate engine operating conditions and produce characteristic corrosion in
a reproducible and controlled manner. Alloy performance as measured by
this environmental rig has shown excellent agreement with the performance
as measured by T53-L-11 engine testiugl (Figure 2). Based cn this type of
rig testing, an experimental program was designed to evaluate the effect of
various operating parameters on the corrosion resistance of some current
gas turbine materials.

RESEARCH PROGRAM

The program for the study of hot corrosion of superalloys emphasized the
use of rig testing to determine the effects of operating environment (i.e.,
exposure, temperature, time of exposure, sea-salt concentration, fuel
sulfur level, and fuel type), alloy composition and alloy structure (i. e.,
as-cast and heat treated) on the degree of sulfidation attack.

The alloys selccted for evaluation were Inco 713C, Inco 713LC, TRW 1800,
B1900, B1910, MAR-M-200, PLRL 161, PDRL 162, ™N728X (formerly
PDRL 165}, U700, IN100, and X40. The cobalt-base alloy X40, which is
widely used as a nozzle guide vane material, was chosen to provide a basis
for comparison of the performance of a typical cobalt-base alloy with the
higher strength, nickel-base alloys. Although all of the nickel-base alloys
have sufficient creep-rupture strength for turbine blade applications, a wide
range of campositions is represented; thus an opportunity is afforded to gain
b additional understanding of the effect of chemistry on hot corrosion.
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The first phase of the program consisted of rig testing airfoil-shaped
specimens for 120 hours at peak specimen metal temperatures of 1600°F and
1750°F with salt/combustor inlet air ratios of 4 and 8 ppm and fuel sulfur
levels of 0.03 w/o (JP-4) and 0. 16 w/o (JP-4R). An additional test was run
with JP-5 fuel (0. 16 w/o sulfur) to evaluate the effects of changes in the

fuel burning characteristics, while a censtart fuel sulfur level was main-
tained. A summary of the Phase I test parameters is shown in Table I.

The second phase of the program involved rig testing specimens for 120,
240, and 360 hour periods at peak specimen metal te:nperatures of 1600°and
1750°F with a salt/air ratio of 4 ppm and fuel sulfur content of 0.03 wh
(JP-4). The phase II test parameters are sunmarized in Table IL

TSR
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SECTION L

EXPERIMENTAL PROCEDURE

ALI.OY PREPARATION

Test specimens were prepared by vacuum induction remelting of ingot bars
from previously vacuum induction-melted and refined master heats, and
they were cast into shell molds prepared by the lost wax techniqu. The
selection of processing parameters, auch as mold temperatures, metal
temperatures, cooling rates, etc., was left to the discretion of the invest-
ment foundry, Misco Division, Howmet Corporation. The geometry and
dimensional characteristics of the airfoil-type specimen are shown in
Figure 3.

DETERMINATION OF SPECIMEN TEMPERATURE DISTRIBUTION

The metal temperature distribution across the airfoil section of the
specimens was determined by use of . 030-inch diameter pins which were
inserted into five (5) holes (0.035-inch diameter) running longitudinally
through the airfoil of one specimen in a special set of control specimens
(See sl-etch in Figure 4). Predetermined curves of hardness vs. temper-
ature for the particular heats represerting each pin material were used to
determine the metal temperatures characteristic of d.fferert areas of the
test specimen. Inco 718 pins were used for temperaturcs between
1450°F and 1650°F, and Waspaloy pins for temperatures between 1550°F
and 1750°F.

THERMOCOUPLE TEMPERATURE MEASUREMENTS

Tests were conducted with instrumented test paddle specimens in order to
check t. » validity of the temperature profiles obtained from hardness pins.
The thermocoupie readings were obtained by utilizing a slip ring assembly
which enabled thermocouplea to be mounted at nine locations on the test
specimen airfoil during the testing. Testing was conducted at both 1600
and 1750° F peak specimen temperaiures.

RIG TESTING PROCEDURE

The Lycoming environmental test rig was ueed to =xpose the airfoiltype
specimens to conditions similar to those which exist in the gas turbine
engine. The rig contains a combustor capable of generating high-velocity
{approximately 700 feet per second) gases to which synth. tic seawater is
added in order to produce sulfidation attack. The high-temperature, high-
velocity flame is impinged against the airfoil specimens as shown in
Figure 5. The specimens were fixed in a holder which is mounted on a
water-cooled shaft rotating at 1000 rpm. Rotation in the flame is required
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to insure that each szpecimen is exposed to the same test environment,
After 10 minutes at temperature, the specimens were cycled out of the
combustion gas stream and allowed to air-cool, simulating the cyclic
condition typical of gas turbine engine operation, This cycle was repeated
until 120 hours of time were completed, Approximately 1 1/2 minutes were
required to reach temperature in the 1750°F peak metal temperature test
and about 1 minute was required in the 1600°F test. In both tests, cooling
to below 1000°F was accomplished in approximately 1 minute. Temperature
fluctuations at peak test temperature were estimated at plus or minus 10°F,

During Phase I of the program, three grades of fuel were burned in the
combustor, Tests were carried out with reierec grade JP-4 gas turbine
fuel (MIL-J-5161F) and field grade JP-4 fuel (MIL-T-5624G), and in
addition, a single test with a peak specimen metal temperature of 1750°F
was conducted with JP-5 fuel (0.16 w/o sulfur), Synthetic seawater was
added to the combustion gases to produce the corrosive environment, This
synthetic seawater which was prepared according to Federal Specification
66-M-151A, Method 812, was added to the combustion gases to produce
solid sea-salt to combustor inlet air ratios of 4+ ppm and 8 ppm. The
synthetic seawater was diluted with deminerzlized water so that the
addition of the diluted mixture at a {low rate of 400 milliliters per hour was
equivalent to the addition of 22 milliliters per hour of undiluted solution.
This was done in order to permit more accurate control of the contaminant
flow rate. The air/fuel ratic during testing was maintained on the oxidizing
side of stgichiometry, varying between 25:1 and 34:1.

Duplicate test schedules for the two salt/ai: ratios at the two temperatures
and for two fuels, JP-4 and JP-4R, were run in order to insure that any
observed trends were reproducibie, One specimen of each alloy was
included in each test so that comparison of all twelve alloys was obtained
after exposure to the identical test environment,

Also in Phase I of the program a single test was conducted with JP-5 and
JP-4R fuels mixed to produce the same sulfur content as JP-4R,

Phase 1I of the program involved the testing of six (6) materials from
Phase ]I for exte"ded periods with JP-4 fuel and a salt/air ratio of 4 ppm
at 1600° and 1750°F peak specimen metal temperatures, Duplicate testn
for the two temperatures and for the three times of exposure (120, 240,
and 360 hours) were conducted to check reproducibility, One specimen
of each alloy was included in each test so that comparisons of all six
materials was obtained ifter exposure to the identical test envircument,
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EVALUATION TECHNIQUE

Upon completion of each teat, the specimens of the various alloys were
visually examined for the extent, nature, and location cf sulfidation. The
specimens co. cave and convex airfoils were also photographed in order

to provide a visual record of specimen appearance. Depth of attack
meaaurements were made on sections, cui at 0,25, 1.0, and 1 5 inches frox
the tip of the specimens. After suitable metallographic preparatica,
photographs of the specimen cross sections (magnified i6X) were prepared.
Comparisons were made betweenthe photographs and tracirgs of the
original cross s=ction which were made on a New Eagland Machine and Tool
Co. Model Number 105 turbine blade contour plotting machine. The com-
parisons which give the depth of attack are made at the points where the
sections intersect the temperature isotherins platted at 259F intervals.

In the evaluation of the 1600°F peak metal tempﬁrature tests, tne 1/4-inch
section intersects the 14500, 1475°, znd 1500°F 1sothexms the 1-inch
secticn crosses the 1525° 15500, 157 50 and 1600 F isotherms, and the

1 1/2-inch secdons mtersects the 147‘5 15007 :525°, and 1550°F iso-
therms. In the evaluation of the 17‘30 F peak metal temperatures, the
1/4-inch section crosses the 1700 R 1725° , and 1750 F 1sot}~erms while the

1 1/2-inch section intersects the 1675°, 17009, 17258° , and 1750 OF isotherms.

X-ray Di‘fraction Studies

X-ray diffraction studies were initiated to study the role of oxide formation
on the surface of superalloys in the suliication process. Eleven allors were
investigated during this study; they include one cobalt-Yase material X40
and ten {10) nickel-base alloys: IN728X, TRW i800, U7¢0, Inco 713C,
PDRL 162, PDRL 161, MAR-M-209 B190C, B1910and INi00. Inco 713LC
was not incivded in this study because its compcsitionis almost idertical to
that of Inco 713C. Test paddies of the szlected materials were exposed to
a sulfidation test {S548) in the Lycom.ng Environmental Test Rig by using
JP-4R fuel and a aalt to air ratio of 8 ppm and a peak specimen ineta!l
temperature of 1750 °F. The test was run intwo stages; an initial 40 hours
ot tosting was performed to study the products of the initial stagers of
corrosion. The oxides formed were swbjected to "in-situ" X-ray diffraction
analysis. The test was subsequently continued ntil a total of 120 hours haa
elapsed, and the paddles were agai» _wmitted for examination. After

120 hours, the paddles contained ar=as where normal oxidation had
occurred and arcas which were badly corroded from saulfidation attack. The
oxidized areas were examined ‘in-situ'', wherecas the areas where sulfidation
occurred were scraped to provide powdered products for X-ray analysis.
All investigations where made by use of a Norelco Diffractometer equipped
with a focusing monochromator. Copper radiation at 50 kv and 40 ma was
utilized on all _amples. Detection of diffra~ted intensities was accomplished
with a scintillation counter and was reccrded on a strip chart recorder
Complete insirumental parameters are listed in Table IIT,
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Microprobe Studies

All ten of the nizkel-base alloys which were subjected to X-ray diffraction

analysis were also selected for microprobe analysis. Prior to microprobe

analysis, segments of the paddles were =i2tallographically prepared and

examined in the optical microscope. From this examination it was decided

to investigate sevaral points within three district areas in each alloy. These
"~ three areas are illustrated in Figure 6 and are defined as follows:

1. Initial attack—In this area,oxidation has taken place, and a
very narrow depleted zone containing only a few sufides had
been generated.

{ 2, Mild attack-—1In this area,oxides, sulfides and a depleted zone have
J been formed, but the depth to which the attack has penetrated is
shallow.

3. Gross attack-—These areas are microstructurally similar to the
mild attack region, however, the attack has penetrated to a muh
' greater depth.

Three types of analysis were performed in these areas of each specimen.
Spectral scans were made at various locations toc determine the elements
present. Scans were then made across the corroded .egions by we of the
spectrometer setting for one particular element, and finally, spot analyses
were made at predetermined locations in the corroded areas. The
apparatus used was able to record the intensities of the following character-
istic X-ray lines: NiK,y.. CukKy , CoK,y , AlKg, TiKq , SKy » MoLg,

WLa s CbLa and TaLa
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SECTION I

, RESULTS AND DISCUSSION

CHEMICAL ANALYSIS

The nominal compositiore and chemical analysis of the alloys used in both

phases of the program are shown in Tables IV, V and VI, The analytical results

performed at Special Metals, Utica, New York,and Ledoux and Company,
Teaneck, New Jersey,are in good agreement,

TEMPERATURE PROFILES

[ .

The temperature-versus-span length curves at the leading edge, trailing
edge, and the specimen center line obtaired from three different hardness
pin zuns at both 1600° and 1750°F peak metal temperature are shown in
Figures 7 ard 8, Isotherms characteristics of this testing are shown in
Figures 9 and 10, Metal temperatures are maximum near the center of the
trailing edges, and decrease a total of about 170°F at the tips of the leading
edges,

The use of peak metal temperatures of 1600° and 1750°F provided continuous
data over the temperature range of 1450° and 1750°F, which encompassed
normal turbine blade cperating temperatures, In addition, preliminary work
had indicated that alloys were most susceptible to sulfidation in this region,

The temperature profiles produced by the thermocouples during testing

were in good agreement with those produced by hardness pins techniques,

The comparative results are shown in Figure 11, One thermocouple gave
consistently high reading, and this is attributed to a defective instrument,
This measure of agreement is a good confirmation of the temperature profiles
which were previously used to obtain the corrosion/temperature relation- -
ship.

RIG TESTINC

Figures 12 through 19 show tt general appearance of the specimens after
testi.g at the two test temperatures and two salt levels for the two tuels
used in Phase i of the program, 'Figure 20 shows the specimens after testing
at 1750°F with JP-5 fuel, Figuras 21 through 26 show the specimens tested
for 120, 240, and 360 hours with JP-4 fucl and a salt/air ratio of 4 ppm
during Phase II of the program,

The depth of penetration data for the teats in Phase I of the program is shown
in Figures 27 through 86, This data for the Phase II testing is presented in
Figures 87 throngh 92. Fach curve .epresents a composite of four tests

(i, e., duplicate runs at peak me.al temperature of both 1600 and 1750°F)




except for the Phase I test involving JP-5 fuel where the points represent an
average of two measurements taken from different portions of the specimen
airfoils,

EFFECT OF TEMPERATURE

Testing at a peak specimen metal temperature of 1600°F caused the corrosion
to be located in the hotter portions of the airfoils while the cooler areas
tended to be corrosion-free (Figures 12, 14, 16, and 18), Exposure to a
1750°F peak metal temperature results in corrosion-free areas in the hotter
sections of the paddles while the cooler areas wara susceptible to ~itack
(Figures 13, 15, 17, and 19), Combhining ihe 140v ana 1750°F tests, it is
apparent that most alloys exhibit a temperature below which corrosion does
not occur (threshold temperature) and a temperature above which sulfidaticn
does not occur (terminal temperature),

From the various curves of alloy corrosion versus temperature, the thresh-
old temperature,terminal temperatures, temperatures of maximum depths
of attack, and total corrosjon values were obtained,

These results are listed in Tables VII and VIII, Occasionally, the threshold
or terminal temperatures do not fall within the temperature range studied.
Since it is difficult to extrapolate the curves,the result must be listed as
less than 1450°F or greater than 1750 F, The total corrosion, which is
taken as the area under .the depth of attack vs.temperature curve, is also
affected, and is listed, as being greater than some value,

.Apparently during the combustion process, the ingested salts are vaporized
and presumably at least an appreciable portion of the halides are converted

. to sulfates, When the resultant mixture deposits as a liquid on the specimen,
there will be a tendency for the protective oxide to be fluxed by the salt
mixture allowing sulfur to penetrate into the base metal, As the temperature
is reduced, the time required to destroy the film on a given alloy would
presumably increase. Thus, for a fixed time of modest duration (e, g., 120
hours), a temperature below which sulfidation would not occur would be
expected, This temperature would vary depending on the exposure time and
the solubility of the protective oxide in the sulfate mixture — assuming that
the environment remains constant, In the case of alloys having very poor
sulfidation resistance, the threshold temperature would probably approach
the solidus temperature of the salt mixture. Below the solidus temperature
of the salt, the solubility of the protective oxide in the salt mixture is
presumably nil,

Threahold temyeratures varied according to the fuel type and salt level used
in the testing,




Salt level ‘ JP-4 Fuel JP-4-R Fuel

4ppm Less than 1450 up to Less than 1450 up to
b 1650°F 1625°F :
8ppm Less than 1450 up to Less than 1450 up tz ‘
1625°F 1650°F

The terminai temperature is probably associated with the vaporization
temperature of the salt, If the metal temperature is above this value, con-
j densation would not occur and the protective oxide could not be destroyed,
! although the possibility of accelerated oxidation due to the salt vapors does
exist., When the samples were exposed to JP-4 fuel and a salt-to-air ratio
of 8 ppm, eight of the twelve alloys exhibited terminal temperatures between
1700° and l750°F. Two alloys, IN100 and U700, showed terminal tempera-
tures in excess of 1750°F although the corrosion of U700 was so slight that
a precise evaluation was difficult, The terminal temperature for PDRL 162
was estimated to be 1625°F, With a salt-to-air ratio of 4 ppm, three alloys
showed -erminal temperatures less than 1700°F; TRW 1800 at 1675°F, .
PDRL 162 at 1675°F and PDRL 161 at 1625°F, Five alloys had terminal
temperatures between 1700° and 1750°F, and two alloys(IN728X and ;
IN100) had terminal temperatures in excess of 1750°F. Under the conditions : '
of the test, two alloys, X40 and U700 did not corrode, i

The use of JP-4R fuel and a salt/air ratio of 8 ppm caused nine of the
materials to show terminal temperatures between 1700 and 1750°F and two
alloys {IN100 and U700) to show terminal temperatures in excess of 1750°F,
With a salt-to-air ratio of 4 ppm; two materials exhibited terminal tempera-
tures less than 1700°F; TRW 1800 at 1625°F and PDRL 161 at 1675°F, Seven
alloys showed erminal temperatures between 1700 and 1750°F and two materi-
als (IN728X and U700) had terminal temperatures above 1750°F, The cobalt -
base material X40 did not corrode at either salt level when JP-4R fuel was
used, Between the threshold and terminal temperatures, the depth of penetra-
tion rises to a maximum value, As temperature increases between the starting
and end points, at least two opposing processes would be at work; increase
attack resulting from more rapid film destruction and sulfur penetration;

and decreased attack due to the presence on the specimen of less sait be-
cause of the increased vapor pressure cf this phase,

EFFECT OF SALT-TO-AIR RATIO

The general appearance of spscimens which we.v run at 1600 and 1750°T
peak metal temperatures witha salt-to-air ratio of 4 ppm are shown in
Figures 16 and 17 for JP-4 fuel and Figures 18 and 19 for JP-4R fuel. The
specimens which were tested with a salt-to-air ratio of 8 ppm and JP-4 fuel
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are shown in Figures 12 and 13, and those tested with JP-4R fuel are shown
in Figures 14 and 15,

A comnarison of the appearance of specimens ‘ested at 1600°F with two salt-
to-air ratios indicates that the degree of corrosion is greater at the higher
salt level, Depth of penetration measurements showed that if the salt-to-
air ratio was lowered from 8 ppm to 4 ppm while a constant fuel sulfur
content was maintained, generally, the threshold temperature increased;

the termina! temperature decreased; and the maximum attack decreased,
The total corrosion of all alloys except TRW 1800 and IN728X was lowered
when the salt-to-air ratio was reduced from 8 to 4 ppm, This can be seen in
Figure 93 where the total corrosion of the various alloys is depicted at the
two salt levels, In the case of TRW 1800 and IN728X, the total ccrrosion
values at the two salt levels were essentially the same. However, the level
of corrosion was so low that an accurate appraisal is not possible,

EFFECT OF FUEL SULFUR CONTENT

It is possible to compare the corrosion of the various alloys at sulfur levels
of 0,02 percent (JP-4) and 0, 16 percent (JP-4R) with constant salt-to-air
ratios of both 4 and 8 ppm. At the 4 ppm salt-to-air level, lowering the fuel
sulfur content from 0,16 to 0, 02 percent reduced the total corrosion of all
alloys except TRW 1800 which remained at about the same level, At the
higher salt level of 8 ppm, the effect of reduction of the fuel sulfur content
from . 16 to . 02 percent reduced the total corrosion of all the alloys includ-
ing TRW 1800, The effect of sulfur content at the two salt levels for the
various alloys is shown graphically in Figure 93,

The lower fuel sulfur content decreased the maximum depths of attack while
the threshold ‘emperatures generally remained about the same or increased
slightly, Two of the high chromium alloys, IN728X and PDRL 161, showed an
an appreciable increase in threshold temperature with the reduction in fuel
sulfur content, There seemed to be little effect of sulfur (at the two levels
studied} on the terminal temperatures,

During a 120 hour test at a salt-to-air ratio of 8 ppm, the fcllowing quantities
of salts are ingested into the system,

a, NaCl 96 grams
b, Nazso4 15 grams
c. KCI1 0.85 grams
d. KBr 3.9 grams
e. MgCl, 21.9 grams

f. CaCl 4.8 grams
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If it is assumed that the halide salts would pass through the cystem as -
vapors rather than deposit on the sp2cimens in liquid form, the role of sulfur
in the corrosion process would presumably be to convert the halides to
sulfates, This was substantiated by chemical analyses of unreacted salt de-
posits removed from the surface of an X40 specimen which confirmed that
the deposit is sodium sulfate with a small amoant of magnesium sulfate
present, The choloride ion was not detected, The reaction of sodium and
magnesium chlorides with sulfur dioxide should proceed according to the
following equations:

ZNaCl + S0, +1/2 02 + HZO = Na_S0, + 2HC1

274
0 = MgS0, + 2HC1

2

MgCl1, + S0, + 1/2 0, +H

2
With approximately 1200 pounds of JP-4 fuel coataining 0, 02 percent sulfur
required for the 120 hour test, about 210 grams of SOZ could be expected to
form, At a salt-to-air ratio of 8 ppm, only about 53 grams of SG2 would Se
required to convert the entire 96 grams of NaCl to Na,;SO, while the conver-
sion of MgC1l; would consume about 14 grams of S02. Thus, under conditions
of minimum sulfur and maximurn salt, there is over three times the required
S0, for the conversion of sodium and magnesjum chlorides to sodium and
magnesium sulfates. oimilarly the ratio of available sulfur dioxide to that
required for stoichiometric reaction would be over 6 to 1 in the case of 0, 02
percent sulfur with a 4 ppm salt-to-air ratio, over 24 to 1 with 0,16 per-
cent sulfur and a salt-to-air ratio of 8 ppm, and over 48 to 1 witha 0,16
percent sulfur and a salt-to-air of 4 ppm. Consequently, it is difficult to
explain why an increase in sulfur increased corrosion when sufficient S0,
was available in all cases Lo cunvert the halides to sulfates, One possible
explanation could be that the time for reaction is so brief that the conver-
sion is only partial but the percent converted increases as the system is
more saturated with S0;.

2

EFFECT OF FUEL TYPE

The general appearance of the alloys after exposure to a peak metal tempera-
ture of 1750°F for 120 hours with JP-5 fuel (0,16 percent sulfur) and a1 salt-
to-air ratio of 8 ppm is shown in Figure2ll. The degree of corrosion appears
to be similar to that observed on specimens tested under iden‘ical conditions
but witk JP-4R fuel containing 0. 16 percent sulfur (See Figurel5), The

depth of penetration measurements plotted as a function of temperature are
shown in Figures 75 ihrough 66 ., The 1600 to 1750°F portion of the curves
o>tained by burning 0, 16 percent sulfur JP-4R fuel are included for compara-
tive purposes. In seven out of twelve cases, the depth of attack measurements
for the JP-5 run are similar to or slightly less than the penetrations obtained
with JP-4R fuel, While in the remaining five cases, the data appear to be
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appreciably less, Since duplicate tests were not run, additional work would
be required to substantiate this trend,

EFFECT OF COMPOSITION

The relative performance of the alloys tested under different combinations
of fuel sulfur contents and salt-to-air ratios are listed in T=ble IX, Total
corrosion, which was used as the basis for the ranking, is useful for
comparative purposes but has certain limitations which should be taken under
consideration, First, the errors in the measurement of depth of penetration
) become appreciable, on a percentage basis. when the amount of attack is
small (e, g., penetrations less than 2 mils), This, combined with the pre-
cisionof the planimeter when measuring small areas, can lead to a signifi-
cant percentage of experimental error in the final answer which in turn
could result in conclusions which are not necessarily valid. For example,
under the conditions of 0, 02 percent sulfur with a salt-to-air ratio of 4 ppm,
the total corrosion of PDRL 162 is listed at 0.4 square inches and TRW 1800
! is listed as 0,6 square inches, inferring that PDRL 162 is 50 percent better
. than TRW 1800, The only valid conclusion that can be made is that both
alloys, under the test conditions used, show a small amount of corrosion
i and that the corrosion resistance of PDRL 162 is at least equivalent and
probably superior to the corrosion resistance of TRW 1800, The second
factor which must be considered when using total corrosion to judge alloys
is that {t does not reveal anything about the threshold temperature, the
terminal temnperature, or the maximum depth of attack, An alloy showing
a moderate attack over a wide temperature range could have essentially
the same total corrosion as an alloy having a severe attack over a narrow
temperature range. Obviously the corrosion oehavior of the two alloys is
radically different and any ranking would have to be made in light of a
specific application., With these limitations in mind, the relative performance
of the alloys in Table IX can be discussed,

C= the basis of data obtained with JP-4R fuel (0, 16 percent sulfur) with salt-
} to-air ratios of 4 and 2 ppm, the alloys were ranked as follows:

a, B1900, B1910, MAR-M-200 and IN100 - very poor resistance to attack.

b. Inco 713C, Inco 713LC, PDRL 161 and PDRL 162 - poor resistance to
attack,

c. U700, IN728X and TRW 1800 - relatively good resistance to attack.

d, X40 - excellent resizstance (no attack).

Since the test conditions during the later portion of the investigation are
probably i..~re conaistent with the environments which would be found in
actual service, a ranking of the varjious alloys under these teust conditions
may be more meaningful. The low sulfur tests confirm that B1900, B1910,
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MAR-M-200, and IN100 have the poorest resistance to sulfidation attack of
the alloys investigated, Of this group, B1900 exhibits the greatest degree of
hot corrosion while B1910 apparently has the best resistance to attack, At
the other end of the spectrum, U700, IN728X, and TRW 1800 are only mildly
attacked; this substantiates what was found at the higher sulfur content, Inco
713C and 713LC continue to fall between the alloys having poor resistance to
sulfidation and the alloys having relatively good resistance to sulfidation. The
fact that they did undergo appreciable attack at the low sulfur-low salt
condition, justifies the poor rating which was previously given, The only
significant shift in performance involves PDRL 161 and PDRL 162, Under
the conditions of high fuel sulfur content, at both the 4 and 8 ppm salt-to-
air ratios, there was no question that the corrosion resistance of U700,
IN728X and TRW 1800 was superior to that of P"DRL 161 and 162, However,
at the low fuel sulfur content (0, 02 percent) with the reduced salt-to-air
ratio of 4 ppm, the performance of PDRL 161 and 162 appears to be com-
parable to that of the U700, IN728X, TRW 1800 group of alloys. Of course,
long time testing at the low sulfur and salt conditions might restore the per-
formance rankings to the levels obtained with the 120-hour test using high
sulfur and high salt,

It is also interesting to note that in the case of the most severely attacked

alloys (B1900, IN100, MAR-M-200), there was more corrosion at the high
salt-low sulfur condition than at the low salt-high sulfur condition indicat-

ing that the change in salt is more influential than the change in sulfur (See
Figure 93,), The reverse situation was cbserved with the remaining, less
corroded alloys, :

Figure 94 i{llustrates the effect of chromium on the total corrosion of the
various alloys tested. As previcusly reported, there is a general trend of
increasing corrosion resistance with increasing chromium content, The low
side of the total corrosion vs., chromium content scatter band contains
U700, TRW 1800, PDRL 162 and B1910 while the upper portion consists of
PDRL 161, Inco 713C, Inco 713LC, IN100, MAR-M-230, and B1900, The
good performance of PDRL 162 and TRW 1800 and the poor performance

of PDRL 161, relative to their chromium contents was evident in tests con-
ducted at both fuel sulfur contents, The effect of chromium content on the
threshold temperature of alloys tested with JP-4 and JP-4R fuels and a salt-
to-air ratio of 8 ppm is shown in Figure 95, Under the two test conditions,
alloys containing less than 14 percent chromium had ~hreshold temperatures
of 1500°F or less, In 11 out of 16 cases, the threshold temparatures were
1450°F, or lower, while 15 out of 16 fell at or below 1475°F. The three
higher chromium alloys, U700, IN728X, and PDRL 161 all exhibited thresh-
old temperatures at or above 1500°F, The highest threshold temperatures
were assoclated with U700 (15 percent chromium) while PDRL 161 (17 per-
cent chromjum) showcd the lowest and those of IN728X (16.6 percent
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chromium) were intermediate. Tests on other compositions containing 15
percent and higher chromium would be required to determine if the dropoff
of threshold temperature of the alloys containing more than 15 percent
chromium is really a function of the chromium content. It is, of course,
quite possible that the lower threshold temperature of IN728X and PDRL 161
(relative to U700) are due to other compositional differer.ces. Nevertheless,
if threshold temperature is taker as the minimurmn temperature required for
the salt mixture to penetrate the protective oxide, it is clear that the higher
chromium alloys are forming more protective oxides,

EFFECT OF EXPOSURE TIME ON EXTENT OF SUL. IDATION

The depth of attack data for the tests which exposed the specimens to tempera-
tures between 1450 and 1750° F for periods of 120, 240 and 360 hours using
JP-4 fuel (0,03 w/o sulfur) and a salt-to-air ratio of 4 ppm, is shown in
Figures 87 through 92. The curve represents a composite of four tests, i.e,,
duplicated tests with peak metal temperatures of 1600 and 1750°F, Every
point represents an average of the results from two points on the specimen
airfoils in each of two tests, Figure 96 shows the total corrosion for the
materials for the three exposure times,

Three of the alloys, B1910,Inco 713C and TRW 1800, showed severe sulfida-
tion att2<k and the depth of corrosion for these materials increased with
time. After 360 hours, the surface areas over which the attack had taken
place had also increased. Figure 97 shows the variation of the depth of
attack with time at 1550° F for these three materials. The results appear
to show that the depth of attack increases approximately linearly with in-
creased time of exposure to the corrosive environment, This would appear
to indicate that the corrosion process is surface reaction rather than diffu-
sion controlled. However, the presence of a distinct incubation period be-
fore the onset of rapid corrosion makes the significance of this

observation questionable. The increase in the area which had corroded
carried the attack into a location which was at a temperature slightly lower
than the threshold temperature observed for 120-hour exposure. The thres-
hold and tsrminal temperatures for 120 and 360 hours of exposure are shown
in Table X, The change indicates tLz threshold temperature for these test
conditions 18 not an absolute value but .s still dependent on the time of ex-
posure to the corrosive environment. The other three materials, IN728X,
IN728X heat treated, and U700, showed corrosion at higher temperatures
than those where corrosicn occurred in the more sulfidation-prone mater-
ials. This corrosion was associated with oxidation rather than sulfidation
and is illustrated in Figure 98, The specimens of IN728X, in the as-cast
or heat treated condition, showed a needle -type phase which appeared after
360 hours of testing at above 1700°F. This needle phase is shown in Figure
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99 together with aluminum and chromium X -ray images of the area which
N show that the needles are rich in aluminum compared to the surrounding
material, Figure 99 also shows that the surface oxides are rich in
chromium, and that the chromium concentration drops immediately below
the surface, giving : chromium-depleted band just prior to the needle
phase, Whether the needles are an aluminum oxide or nitride phase could
not be established. However, they apparently form as a resuilt of the
oxidation process during long exposure times. Finally, a comparison of
the heat trezted and as-cast specimens of IN728X indicated the variation
in tue depth of attack which was observed (Figure 90 and 91) was very
small, Consequently, the expected homogenization agsociated with the two
hours solution heat treatment at 2050° F did not cause any significant
variation in the alloy's corrosion resistance,

X-RAY DIFFRACTION ANALYSIS

The X-ray diffraction patterns obtained from these samples are complex
patterns containing from 20 to 30 diffraction peaks. Tables XI, XII, and
XIII summarize the corrosion products frora the various areas for each
‘alloy tested. As indicated, analyses were performed after 40 and 120 hours
and the results are consequently discussed separately as follows:

After 40 Hours

Only slight evidence of sulfidation was noted at a few points of the leading
edge of the paddles at this point in the test. At the trailing edges of all the
paddles where the X-ray analysis was performed, only evidence of oxida-
tion was noted. Table XI summarizes the oxidation products formed on the

various alloy paddles, The X-ray intensity from the Ni3Al in the base
metal indicated that this initial oxide layer was quite thin on the nickel-base

alloys, and the intensity from the alpha cobalt phase indicates the same
condition for the X40 cobalt-base alloy. Since this initial oxide layer was
quite thin, and was analyzed "in-situ', only the major constituents gave
measurable X-ray intensities, Nickel oxide and the spinels are the major
phases present in this initial oxide layer for all the nickel-base alloys.

All except U700, IN100, and MAR-M-200 show evidence of trace amounts of

Al,03 or Cr,03; TRW 1800 and MAR-M-200 show the presence of NiWOy,.

After 120 Hours

After 120 hours of testing, considerable corrosive attack was produced on
the specimen airfoil surfaces in regions where the metal temperatures

N were less than approximately 1725°F, Figure 100 shows the condition of
the paddles after testing. The most corrosion-resistant material is at the
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upper left and the least corrosion-resistant at the lower right (this order
was obtained from Figure 93). In the hotter regions of the specimens, there
was generally no evidence of attack except for three alloys (U700, IN100,
and MAR-M-200) which showed evidence of formation of a dark corrosion
product in this area, Metallographic examination indicated the attack in
these areas was apparently due to oxidation attack since no evidence of
sulfide and/or depletion zone formation was evident, Table XII summarizes
the oxidation products formed in the hotter area of the test specimens. The
major phases observed after the 40-hour test are still present. However,

the X-ray intensities are stronger, and the Ni3Al peak in the nickel-base
alloys is diminished indicating that the oxide film had grown in thicknes=

during the additional time in the sulfidation rig. For the nickel-base

material, nickel oxide was predominant phase with the spinels and other

minor phases secondary, both after 40 hours and 120 hours in the test

rig, as indicated in Table XII. A1203 was detected in the scale of all the

nickel-base alloys in this high temperature area with the exception of

U700, MAR-M-200 and IN100, These alloys, as ‘'ready noted, were the

oniy three showing evidence of attack due to oxidation at this locatio~. The
. Al/Ti ratio of these three alloys is low (1.1 to 2. 5) compared to the r>main-

ing alloys ( 6.0). It appears that the presence of the Al,03 oxide film
provides protection against oxidation (Reference 2 and 3), and those alloys

: with low Al/Ti ratios are susceptible to oxidation due to their inability to
forin a protective Al;,03 layer. This can not be associated with the aluminum
concentration alone, since both IN1I00 and MAR-M-200 have relatively high
aluminum contents. Instead, the poorer oxidatior resistance of these alloys

? must also be associatec at least partially with the relatively higher

: titanium concentration of these alloys.

The effect of tungsten in such alloys as TRW 1800 and MAR-M-200, which
has be~n reported to be beneficial, is to form a NiWO4 phase, This can

be positively identified in both of these alloys as a major phase in addition to
NiO and spinel, How this phase affects sulfidation resistance is not clear,
as TRW 1800 is in the relatively good class while MAR-M-200 is in the very
poor class, It may be a byproduct due to the corrosion of the matrix in
general after the protective film has been destroyed and has no inhibitive
character of its own,

The spinels (type AbyO4 oxides) can be identified by microprobe technique

as probably NiCr,04 depending on the alloy under study. Since the thin

oxide layer was examined "in-situ'', it is felt that the lack of precision in

the determination of the lattice parameters prevents the placing of too much

) significance on the differences between the values obtained and the published
ASTM data, Stresses and orientation effects present in oxide fiims grown

on a metal rurface can result in lattice parameters that differ somewhat from
AS5TM-reported values,
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Table XIII summarizes the corrosion products formed in the cooler areas
where sulfidaticu had taken place. Samples from these areas were removed
from the alloy paddles and analyzed by X-ray diffraction. No attempt was
made tc remove corrosion products frem selected areas. Instead, it was
gathered in a random fashion from all of the surface that nad corroded.

It is interesting to note from this data that in every case the relative
quantities are the same for NiO and spinel, from the "in-gitu' film after
oxidation, and irom the corresion product sampled after sulfidation. This
seems to infer that if a spinel or NiO is formed as a major phase in the
oxide film, the further formation of this same composition is continued
during the process of sulfidation.

MICROPROBE ANALYSIS

Ten nickel-base alloys were evaluated by microprobe techniques using
quantitative point analysis, element distributioen and spectral scan techniques.
The results of these analyses of the individual areas are described below as
follows:

Matrix

Data was gathered at several points in the matrix ranging from 5 to 150
microns away from the depietion zone. Comparison of the resuits taken at
these different matrix locations indicates that the effect of the corrosion
process does not generally extend intos the grains themselves beycnd the
depletion ~one. That is, there is no sigrificant variation in the matrix com-
position as we move toward the depletion zore (Figure 101). Occasionally,
however, sharp decreases in the chromium level were noted in grains which
were not in the depleted zone. These changes were always found to be asso-
ciated with the presence of grain boundary sulfidation. A fine precipitate
preceding the bulk corrosion front was detected in the matrix of some
specirnens adjacent to the depletion zone. In the areas where this fine pre-
cipitate exiated, a small detectable rise in chromium content was observed,
Although these precipitates were too small to be analyzed in a quantitative
manner, they were found to be rich in sulfur and chromium, based on X-ray
scans of these two elements, These results indicate essentially that the pro-
gression of attack is caused by the outward diffusion of some of the matrix
elements through the depletion zone to the oxide laye~ and the movement of
sulfur inward to eventually react with tne alloy's chromium addition.
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Depleted Zone

Microprobe data was collected at several points within the depleted zone of
each alioy in order to determine ‘he composition of this area. The results,
shown in Table XIV, indicate that, in generai, the lepletion zones of all the
alloys tend to be depleted of chromium and titanium comparedwith the
original unattacked matrices., Aluminum appeared to decrease to less than
one-half its original value, This was also observed in the element distri-
bution scans, an example of which is shown in Figure 102 for alloy TRW
1800, The distribution of aluminumn i{s uniform in the matrix and then drops
off over a three-micron distance at the interface, At the outer surface, the
high rise in the trace indicates 2 high concentration of alumiinum in the oxide
layer. When chromium was studied in the same manner (Figure 102), deple-
tions observed were attributed to the formation of carbides, The sharp
dropoff marks the interface area beiween the matrix and depleted zone. The
sharp increases of chromium within the depletion zone are due tc the presence
presence of chromium-rich sulfides. In the oxide area on the outer surface,

a significant rise in chromium content is observed for alloys which exhibit
better performance during testing, Lower chromium contents were found in

the oxide layer of the poorer alloy cystems (i.e,, B1900, IN100, MAR-M-
200), apparently indicating that the ability to form chromiumn-rich oxides is
important in determining alloy sulfidaticii currosion rcsistance. This, of
course, is in agreement with the generally accepted cbservation that chro-
mium is beneficial in providing corrosion resistance,

It can be assumed that some of the chromium and the majority of the aiumi-
num and titanium which are removed from the depietion zone go into the
formation of oxides, However, the major portion of the chromium is deple-
ted by the formation of chrome-rich sulfides,The heavy refractory elements
(molybdenum, tungsten, columbiua and tantalum) behave as a group, and
are partially depleted from the respective alloy matrices by sulfide forma-
tion and oxidation. These changes in element concentration which occur at
the in.2rface between matrix and the depietion zone are shown in Figure 101,

It can be assumed that the rate of attack, following initial breakdown of the
protective film and subsequent sulfide formation, is a function of the oxida-
tion resistance of the depletion-zone al'~y, Following this approach, the
depletion-zone chemistry car “e related to the overall alloy system corro-
sion rates. Pursuing this approach, the performance of the two medium
chromium (13 percent) alloys, TRW 1800 and Inco 713, should be analyzed
because of the similarity of their cormposition. They differ only in their
tungsten and molybdenum concentrations. In «.udition, a similar comparison
of the two high chromium ailoys, PDFL161 and IN728X (17 and 16 weight
percent chromium, respectively), can ne made since the essential difference
in the composition of these latter two alloys is tuat IN728X contains tungsten,
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cobalt and columbjum as additives, The PDRLI161] alloy has a higher initial

chromium content than the Inco 713C. Howaver, after exposure to the corro- )
sive media, the composition of the depleted zone in PDRL161 approaches that

of Inco 713C, and as would be expected, the alloys exhibit similar corrosion

rates, with Inco 713C having slightly poorer corrosion resistance. This slight

diiierence may be due to the lower aluminun. level of its depletion zone,

Alurr’ 1m would be expected to be beneficial to the oxidation resistance of

nickel due to the formation of the NiAl1;0, spinel.

On the other hana, comparing Inco 713C and TRW 1800, we have two alloys
with similar nominal chromium contents (13 weight percent) which exhibit
markedly different corrosion rates urder the same testing conditions. The
major differences in the depletion zone composition of these alloys are the
higher tungsten (4,8 versus 0 weight percent) and aluminum (2.4 versus 0.1
weight percent) and the lower molybdenum (0 versus 2,3 weight percent)
contents of TRW 1800 compa:ed to Inco 713C. By inference the significantly
lower corrosion rate of TRW 1800 is due to the beneficial effect of both
aluminum ard tungsten and/or the detrimental effect of molybdenum (the
undesirable effec: of molybdenum on oxidation resistance is logical 2nd can
be used as a further sxplanation of the relative performance of Inco 7:3C
and PDRLI161 already discvesed), In relation to IN728X several of the
previous arguments could apply, Howev2s, the complete explanation “or the
exceptionally good corrosion resistance of the alloy canot be justified,
bzsed oun the above hypotheses, In addition, similar discussion of the other
alloys does not yield significant relationships between corrosion resistance
and depletion-zone chemistry, apparently due to the complexity of the differ-
ences in alloy composition and the resultant syngergistic effects.

Sulfides and Carbides

From the data gathered to date, the sulfides which w=re analvzed can be
broken down into two general types. The first type is tiie »ne most commonly
found, and is generally a2 mixture of Cr3S4 and CrS3. T' :se are the typical
sulfide phases found in the depleted zone (Figure 103). The second type of
sulfide is apparentiy related to the carbid- 3 which previously existed in the
grain boundaries. These sulfides (Figure 103) were found to contain varying
amounts of columbium, tantalum, molybdenum, titanium, and tﬁngsten, in
addition to chromium. The amount of these eilements depends upon composition
of the original carbide phases of each alloy, and the degree to which the
normally present carbide has been converted to a sulfide, Evidence of the |
carbide-to-sulfide transformation and grain boundary suifidation was found !
in all of the alloys excep* IN100 and I»co 713C, Ir alloy PDRL 141, quantita-
tive data indicates that the carbides in the matrix grain boundaries are rich

in columbium and titanium, As the depleted zone is approached, these car-
bides became r.cher in sulfur and chromium and depleted in columbium and
titanjum,_ ¥ ig interesting to note that as this process is taking place the grains
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adjacent to the carbide phase become depleted in chromium, the chromium
concentration dropping from 16 to 12.8 weight-percent while the columbium
and titanium contents increase,
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SECTION IV

CONCLUSIONS

Based on the results obtained during this study of the hot corrosion of
superalloys, the following conclusions canbe made: -

Using the Lycoming-developed environmental test rig, it has been
possible to quantitatively determine the sulfidation resistance of
superalloys while simulating the environment of a gas turbine
engine.

a.

Corrosion was detected on all of the 11 nickel-base alloys tested,
while the cobalt-base alloy (X40) was not attacked. Chromium
~dditions in excess of about 12 percent appea2r necessary to develop
suvsne reasonable level of sulfidation resistance, but high chromium
contents alone do not guarantee that this will occur.

Each of the 11 nickel-base alloys showed an upper (termiml) and
lower (threshold) temperature between which sulfidation attack
occurred. Between these two values, the depth of penetration
varied appreciably with alloy composition.

Most of the alloys exhibited terminal temperatures between 1700

and 1750°F, suggesting that the characteristics of the salt are

more important than the composition of the base metal in determining
this value.

Reduction of the fuel sulfur content from 0.16 to 0. 02 percent signifi-
cantly reduced the amourt of sulfidation at salt-to-air ratios of both
4 and 8 ppm. Thc threshold temperatures generally remained about
the same or increased slightly while little effect was noted on the
terminal temperatures.

At both fuel sulfur levels the amount of corrosionwas reduced when
the salt-to-air ratio was lowered from 8 ppm to 4 ppm. Reduction of
the salt-to-air ratio generally increased the threshold éemperatures,
lowered the terminal temperatures, and reduced the maximum depth
of attack.

The depth of attack and threshold temperatures varied appreciably
with the alloy composition, with the chromium content having the
greatest single effect. At the 8 ppm salt-to-air ratio, it was noted
that all alloys having less than 14 percent chromium had threshold
temperatures equal toc or less than 1500 F while the alloys containing
15 percent or more chromium, i.e,, U700, IN72RY and PDRL 161,
shcowed threshold temperatures equal to or greater than 1500°F.
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i.

The rate of sulfidation corrosion, as measured by charges in the depth of
attack, appeared to approach a linear function with respect to time of
exposure of the specimens to the corrosive environmert.

The area of the specimen's surface over which corrosion occurred
increased with exposure time, indicating that the threshold temperature
is a function of time for the test conditions employed.

Homogecnization of as-cast chemical segregation by heat treatment
(solution and age) of IN728 had no significant effect on the material's
resistance to sulfidation when tested using fuel containing 0. 03 per-
cent sulfur and salt-to-air ratio of 4 ppm.

Microprobe analysis of corroded specimens showed a sharp drop in
the concentration of alloying elements had occurred at the matrix
depleted zone interface. This, and the occurrence of grain boundary
sulfidation, indicated that the matrix is being attacked by the inward
movement of sulfur.

The presence of oxides with a high chromium content (25 to 35%) was
found to be synonymous with those alloys which showed the best sulfi-
dation corrosion resistance.

High Al/Ti ratios (>6) were shownto be synonymous with the formation

of an A1203 scale and good oxidation resistance.
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Figure 4. Schematic Hlastration of Airfoil
Test Specimen with Hardness Ping in Place.
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1. Fuel Line 4. Rotating Specimen
Holder

3. €ynthetic Sea Water 5. Inlet Air

2. Igniter

Injection System 6. Test Specimens

Figure 5, Schematic Iilustration of a Rig Heating Chamber
Showing the Essential Components of the Combustor and
Synthetic Sea Water Injection System,
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Figure 9. Specimen Temperature Distribution
Characteristic of 1600°F Peak Test Temperature.
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Figure 10, Spe%imen Temperature Distribution Charac-
teristic of 1750 'F Pcak Test Temperature.
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Figure 11. Comparison of Specimen Metal Temperatures Obtained by Using
Thermocouple (Temperatures in Parentheses) and Hardness Pin Techniques.

49

I ——— ot e e e P I VU - et —




.

"(0¥SS) wdd g jo onyey 11y/3res © pue jong

v-dr Butsn (qead) 0091 3® sancy pz| passar
Suduwtoadg jo soueaeaddy 1eaduan ‘21 axndi g

001 N! oo¢n Oor-x ANBZLNI 2911804 194 Weae
- [4 3

F

B

.

bt

O0I-w-yvw Ciei 8 00618 OORImu) PARSYNB1 1] 2681 OON1

50




"(2¥9S) wdd g jo onyey 11y/3reg e pue 1P b-gf

Bursn (yeeqd) d,0SL1 1® sanoy pg| pajysay
suawrdadg jo ?dueseaddy [eiauan ‘g€l 2anBrg

ooLn Or-Xx ANSTINI T91Vaae

19¢ Y904

OOT-W-—avw Otel s O0eie O0®I M3 ¢4 0INI Itii OOMi

R

51




(0£5-S 399 1) oney A1v/ires wdd g ue pue [ang
d¥ -4 Busn d,0091 3% SINOH 021 PPIsAL
susunovadg jo aouvrvaddy [vasuan ‘p 2andry

COT-m-N¥YW




N

"(L25-5 3891) oney arv/ires wdd g ue pue 19ng
d¥-dr Buysn d,0SL1 3@ sanoy gz pessay
uawdadg jo d2ueleaddy rerauan ‘ST @dandig

00t N ooLn or x €9t 1804 94 T804 196 1804

[

53

00Z-w-avyw 016189 00619 OCRI MY} PAIdY T | pl YW 2 T]]

Fe




P g

B st T U S NPt

R

"(8€9S) wdd % jo oryey ary/ireg e pue #?ng
¥-dr Buisn (yqeayg) d,0091 3© 8Inoly 0Z[ paisay
suswidadg jo aduereaddy [e13uan ‘91 2anBr g

OOt N1 ooLn or-x $911804 £91 804 194 190¢

OOBimal 1€ OO Mt €14 OONI

54




Tk S AR Mt eoterety s L

"(L£5S) wdd % jo oney A1y/3reS © pue [ang
¥-dr Butsn (ead) 4 _0SLI 3 8INOH 0z| PoIsal

3uduwwadg jo ou:nuomomnﬂ Texausn ;1 2andr g

TN

001 NI ooLn Or—~-x $9L 1804 T91 1804 191 Y004

91¢L OONi €44 OO

(2o o Dt 1 4] e o .Y J]

58




LAyt e e

e

*(266-S 3821) oney Ity/ires wdd § e pue ang

gy -dr 8usq J,0091 32 8INOH Q21 PIIs3]L
suswitoadg jo aduereaddy jeasuasy ‘g 2andry

001 Nt ooin or-x $9¢ 1004 Tt 1904 191 1004

00l -w-a¥Yw [ 1L % ] 00610 008t mu L 4L OOwt 2€ie O

56




(P€9-S 3189]) oney ary/ireg wdd § © puw fang

d¥-dr 3csn J,0SL1 3® 8INOH 021 P3Isa]
suswirdadg jo eouereaddy [erauan gy sandy g

o m !N - 9 004 T 8o

0L -w-gyw oise 006t 9 oot M ¢4 QOM

57




*(9¥SS) wdd g jo onyey a1y/ires e pue [ang

§-df Buisn (3ead) I _0SLT 3® SInOH 0zZ1 PaIsaL
suawdadg jo sduereaddy (easusn ‘g7 aanBi1 g

.

OO! NI ooLn Or-% - XNQULNI T91 1904 191 1004

o0sImE) 1tiL OOm €L OOM

58

e Ars——— i

KN



I 0SL1

(1655 3891) wdd ¥ jo oney Iry/Ies ® pue jong y-gr Bursy (xwog)
i® SINOH (21 P33183], suswpadg jo Iduvavaddy 1ea9uen 17 2andy g




(1565 39°1) wdd # Jo onyey ITY/3I[esS € pue 1ang y-dr Buren (qvad)
J,0SL1 3¢ SINOH OF2 P18, suswoadg jo ddueivaddy rezsusn -2z danBir g

60




(165S 193]) wdd § jo cney IYV/I[eS € pue ang p-4r Buisn (yeed)
hocmNL 3% 9INOH (9¢ P2Is2 ] suswraadg Jo aduevavaddy yrieusn g7 sandyg

61




(05SS 3831) wdd § jo opey try/ires e pue (ang p-dr Bupsn (ywey)
Jd,0091 3e sInoy 02 Pa3ga], sudwrdadg jo adueieaddy rezsusn 'pz aandyrg

62




(0668 31} tiidd p jo onieY ATV/I[ES ® pUE [ang p-g 1 Buisn (yead)
g 0091 3B SINOH Qb7 PaIsaL suawtoadg jo adxueaeaddy [2aauen ‘g7 aanBiy

XQTLNG 0081 MU} IH XBTL M) Otlain AL OINE

[ e T N - e

63




‘(055 382L) wdd § jo oryey ITV/3I1eS © pue [3nd y-d[ Busn (qead)
J_0091 3® BINCH 09¢ P32 suawdadg jo aoueseaddy [eaauan °gz aan¥- j

ooLn AH XELL NI

64

o s




‘wdd g jo ogey 1V/3eS e Yim 1ang -4 Buisn paisay
DE1L 0duf J0j sanjeradway, jo uodung ® se uolso0l16) ‘7 dandi g

4, ~ sinjoicdwa) (ojeny

0oLl 0091 006i
" T
6 o © \d\:\ﬁ
(@)
6 o, ©
<4e 9
“ vy
i o
S LTI
>
(40SL1)se55 W o i
(305L1)9€5S T ] -
(4,0091)6£55© lf« X
(3,0091)89€550 g
anIoa vz |




ruadd g Jo onyey 11V /31eS B yiwm [ang p-4 Buirn paisal
" D€ 1L oduf 10j aanjexadwa], Jo uolPuUNJ ® 8B UOIS0II0) 'g? anBr g

4§ - sumjossdwa] (ojaw

0091t 00!
o
v o o
de¢ 9
2
il b3
= LI
>
o1 3
(4,0SLL)LESS W -
(4,0SL1)9ESSV ot X
(3,0094)6£5S© 2
(4.0091)8£5S O vz
aN1931
(14




‘urdd g jo onyeY 11V/3eS ' Yim [ond t-dy Fuls[] PIIsIL
0081 MY L 40j amjesadwn"] jo uondung e se uolsodiod ‘62 I1ndig

; 4 - sunjosadwas] (O)9W

0081 ooLt 0091 00¢} oo
]Iﬂlé 7 %o
- -19 M
r
= - &
2
_ (40SLL)LESSV o 2
(40SLL)9ESSV s
= (40091)6£5SO ..to« =
(,0091)8€5SO ~
aN3931 vz
14




‘wdd g Jo oney IIV/31eS ® Yar [ond p-df Buis paisaL
00619 10 anjeradwa] jo uUOHOUNJ ® Be UOISOIIOD ‘OF 2andry

i,- YTYL YT LRI

00s: 0oLt 009! 0051 oon
- T v T v 1 Y Y - T v T v o
-~ v R4
- -8 W
2 w
» L =3
- = T
| 4
_ —n 2
(1,08L1)LESS © e
(3,05L1)9€SS Y x
" (4,0094)6€5S© ot =
(1,0091)8€5S O
o vt
aN3931
st




cwdd g jo orjey A1y /3IES © Yitw [Ing p-df Juisn pIisdL
0161y a0y aanjesadwa] jo uOldUNJ e s UOIBOIIOD (¢ 2anB1 g

(4.0SLI)LESS
-(3,0SL1)9ESSV
(4,.0091)6€£5S ©

(10091)8€55 O

aN3ON

4 = asnjosadway |oidWy

9

1+14

i | L

144

-

(S1tW) 1204y jo Yideg

69




‘wudd g jo opey ITY/31eS © YIum [90g b-g[ Butsn paisaj
002-W-YVIW 20} 31njziadwia], jo UOOUNJ © B® UOISOII0D) ‘7§ 2anByg

i, - ®4njosadwa) |ojew

oos ‘ 00LI 0091 oo.u

- . . )

— 4,

o
o
i O e
I -z
o)
v )

- (30SL1)2€8S Y 4,
(405L1)9€SS T

- (4,0091)6€5S© ..Jo«
(3,0091)8£650

o aN3ID3T 1.

9T

(S1IW) 12000y §o yidag




‘wdd g Jo opey I1y/3[eS ® Yiwm (a1 d p-d[ Buis pIisIL
191 79A4d 29} axnjeradwia ] jJo uUOIIIUNJ € SE UOISOII0T) "¢t andr gy

i.- sanjosadwel (D)W

cor

il.ellgl.ll]_o

(4,06L1)LESSV
(31,05L3)9ESS YV
(3,0091)6£55©
(4,0091)8e5S O

T}
9!

licn

1 44

[

71

(s11W) 4204y jo yideg




‘wdd g 70 oney ITV/I[eS ® Yim [9ng b-d [ Buisn PaIsdL 291

THdd 10} @anjeradura] Jo UOIIOUNJ ® ST UOIB0AI0D ‘¢ ANBrg

4. - sanjnisdwin) (oW

009t ooLt 0051 00s! oon
 ———0
- 4
. -
.
- © 3
>
- o [ S A
>
(4.0SLL)LESS V -
- (4,05L1)9ESSV I
(4,0091)6£5S © x
- (3.0091)8€5S O Tt =
an3on dve
oz

72




s

udd g jo omed ITV/IES ' Yitm 190d p-df Buten paissl
X82LN] 10} aanjeradwa] Jo uordun g © €% uoyeo0lII0d 'S¢ sanBr g

i.- r»a.o»!—ﬁv» o109

0oLl 0091 00§!

oont
o W S 600 (3
v o 4
4e
1
Sz
o
(40SL1)LESS W
= (495LL)9ESS T o
(40091)6€SS O
- (40091)8€5SO e
aN3Io31 e
<N
oz

(siw; 200y jo videq

73

4O M 3 i e 7 <A e T e




wdd g JO onpey A1y/3I[eS © Y3t [ang p-J[ Buis) paisIL sy
O¥X 30 aanjeradwa] jo uoljdung e §2 UOI8O0II0D '9¢ an¥y g

i.- sangosadwa] (Diaw

. 00i: 0091 00s} oost '
—— OO PO P 0
-1y
-9 uo
(40641)LESS Y > N .
(10SL1)9ESSV Hz ¢
(4,0091)6€5SO© >
(1,0091)8€5SO m L
aN3931 3
do E |
-{v2 a3
oz




‘widd g jo omey ATV/3I[ES ® YImm [3nd p-d[ 3ursn P#isa]
00LN 70) @anjeradwa ], Jo uoIPUNJ € 82 UOISOIIOD "L aan8r g

4 - aanjoasdwe] |(ojep

000! 00: o9t 00s!

— E&I&l@\ﬁﬁl&?é[ﬁw

(. OSLLILESS ©
- (4,05L1)9ESS ¥
(4,0091)6£55 ©
- (4,0091)8£5S O

adiIsI

—{9

(S1IW) 1201y (o yiceQ

75

gt




‘wdd g jo oney I1V/3[eS B Yim [ang p-df Bursn pIIsdL
OGO INI 103 sanjeaadwa] jo uolPung € se udisoiiod °g¢ 2and1 3

4 -~ sanjoisdwis] |0}

0081 ooLi 0091 00%1 0091

v ﬂ‘ n T 2 4 d v ﬁl\lll‘l.llll‘o

e -

© (o)
- (o) © -9 W
h J
© -
- ->r <
>
v s
- o (40SL1)LESS W ™ =
o) (105L)9esSV | F3
o . N "
(4,009L)6€§S© 3
L
: (4oosneesso |
an3nz
oz

o emopr b ep———




-wrdd $ jJo omey ITV/ITeS © Yim [ang p-J[ Buis p3jsd]
€ 1L 0du7 10] 3anjeraduwray jo uolPUNJ B 8® UOISOIIOD ‘6% aanBv gy

4 ,- vanyraadws) (Djeyy

0091 ooLt 0091 001 ooy

Tt v °

- v q - 1 4

o -0

= i

- ot
(3,0SL1)LESS

- (1,0SL1)9ESS Y oz
(3,0091)6E5S ©

L (4.0091)8£5S O v

: AN3ION

| 14

- e . - R B . - o I

(S1IW) B9y o Yideg

77




-wxdd $ jo ogey ITY/3I[eS ® Yiun [3ng p-J [ Buisy PAIsIL
TE 1L 0oul 10} aamjesadwal jo uowduUNg ® se UOISOIIOD ‘OF inBrg

4 = sanypsadwe] (OfjeH
L]

00Li 009! 00s!t

v A B ' B Y q
©

(3,0SL1)LESS W
(40SLL)IESS Y
(1,0091)6€5S©
(1,0091)8€5SO

anN31o3

b

14

(S1tw) 1301y jo yidag

18

e, o ———— —— e

Y




009l

‘wdd $ jo onvY ITV/3I[ES ® Yitm [ang p-4 Buts[] paizaL

0081 MY 1 10J @22Injeaadwia ] Jo uUOIIDUNJ © R UOISOII0D °[ 2anBrg

0oL}

4 - sanjoisdwa) |oja

G

0091 oosi oo
vV —v O P —O—@- o
v - © Ay
e
J 43
(40SLI)LESS Y
(4 0SLL)9ESS T —o1
(4,0091)6€5S©
(3,0091)8€5SO ~joz
aN3o31
(44

(311W) 1204y o Nideg

79




‘widd $ Jo oney IIV/I[eS © Yim [ang p-4 Suis pasay
00619 10y sanjeaadwa] JO uUOI}OUNJ ® S® UDISOII0D) *7h ¥anBr g

4 - sanjpasdwia] D)0y

00LL 0091 00¢1 oot
- 1 8 d Y o
[

o b 4
© o
€ e n LI
o -
o 4 s <
>
(4. 0SLLILESS V =
. -9 8
(3,05L1)9ESS T -
{4,0091)6€5S © 3
(3,0091)8€5S O oz :

aN3921 vz

o

80

T REROr e«




008!

‘wdd § jo oney Iry/IreS ® Yim [9ng p-d[ Butep paisay
0161 103 amnjeradwa] Jo uoldoung © #® UOILOIIO0D) '‘¢p @aInBr g

i,- sanjoidw] (1Bj0W

ooLi 0091 0o0s: oost
2 { .ﬂ -© ﬂ Nu | v 0
v O
- -8
- = 11}
- =19}
(408L1)LE88©
. (4 05L1)9ESS T N
(40091)6€$S©
- (1,0091)8€$SO vt
aNID!
[ 4

(S11W) N0y j* yideg

81

’hfw




F"Jl —

‘wdd $ jo oney I1V/3IleS ® Yimm [ang $-dr Buren peIsal 002
-IN-Y VI 0] 2anjeraduwa ] jo uondungd © s® uUOlS0IiIon) ‘py 2anfr g

0oLl

t I sani0s0dme] (B8l

009!

ﬁ
©
o

oori

— <9
(30SL1) 2855V
- (4 05L1)9ESSV —oz
(3,0094)6€5S ©
B (49091)9€$SO sz
aN3IDN
z

(SI11W) ¥oeyy j@ yideg

82

5
%




udd ¢ 30 suey 1TV/ITes W eng pegy Buisfy pe3say
191 THYAd *0F sanzezadway jo uemdunyg e e u0IS0I405 gp aanfig

. 4 - Ohamusaﬁﬁp iojeyd

oos: _, 004 0091 00s! 00os
M o
- iy
3 o
" 4z
i 4o
. (4,0521) LESS ¥
- o (40521)9€55 oz
. ~ (4,0091) 6£5S ©
(1,0091)8€55 O doz
aN3931
et

83

(*11W) W28y jo qideg .

P




‘wrdd $ Jo orjey ITV/3I[ES ® Y (a0 y-4[ Buis) pIaisal
291 THYdd 10} 2amezadwa], Jo uoldund ® BB UOIFOIIOD 'G¥ aanBy g

u.- unjDIsdwe)] D)o

0091 00stL

(4,06/1)LE5S ¥
(40841)9€3S V
(50091)6€65©
(4,0094)8ES SO
GN3B3T

ooy

£ A3

(Sitw) ¥IoHY §* Ydeq

84




‘wdd § jJo onyey ITy/IfES ® YIIm [and p-d[ Buisn PI3eIL

X8ZLNI I0] sanjeraduwa ] Jo UOROUNJ ® €€ UOIEOIIO] °Lp dInfry

i, ssnjosedwa) o8Ny

1 0091 00s1 o0ri

419

oL
7 é@éjj 0
v
v -
-8
- Zi
(3,0SLL)LESSV
(4,05L1)9€SSV -1 9
(3,0091)6€5S ©
(4,0091)9€55O —ot
aN3Iod
1%

———— e e ——————— A S0 Yo, 4 R i, S\ b s R . G -

{s11W) N3%41V jo Yidag

85

i
i




008!

4 ——— e e - C—— e ———

‘widd $ Jo orzey 1t1y/IiTes ® YIIm (9N -4 Buisp paisal
0obPX 10) aanjeradwa ] jo uondUN g € £Fe UOISOLIOD ‘g 3iInBr g

.- ssnjrisduis] (ojep

ooLl 009t 00S} 00.!}
——————— 00— —O0—@§— OO 0
o
-8
(4,06L0)LESS W Az
(4,06L1)9€S3TV
(1,0091)6£55 © -{91
(3.0091)8£8SO
an3Ion oz
~ 92
[ 14

(S1W) 12211y joNideg

86




\l.‘ T

‘wdd § Jo onyey I1y/iTeS © YItm [ang y-Jr Buisp paissy
004N 3°j @anjeaadwa ], JO UOTIDUR ] ® @® UOTISOIE0T) g 2anBr g

4 - sinjoisdwsy (840

oost 0041 0091 oost 00t
]%?ilé'i‘lﬁé - - 0

" 1 |

- de _

§ .

B - “- { .

(7 0SLIILESS V S .

~ (1,05L1)9€ESSV o & w

L . (4,0094)6£55 © | - w,

- (10091)3€550 . dor K “

1 aN3It 37 s

i -1




008!

‘wdd § jo oryey arv/i[eS ® YItm (3N p-J( Sutsn) paisalL
00INI 10} 2anjessdwa ] Jo uordung e se uocI80II0) Qg anBr g

4 -®injoasdws; DB

ooLi 0091 00S) ooy
D D—OD—O—P—O—O— o
<
-8
v <
(406LL)LESSV dor
(40SL1)9ESS V
(3,0091)6€5S © <oz
(4,0091)8€€S O
cN3I93T vz

14

(S1'W) 1201y jo yideg

88




‘widd g jo oney I1V/3(¥S T Yim 9N g W-gr Buysn
D€ 1L oduf 105 3amyeradwiay jo uonouUNg ® s¥ uotsoiion °Ig oandr g

B T ——

4 - sanjoisdwmel (9400

o080 0oLt 0094 | 00s1 00
., — 1 —°
o -1*
o
- J e m o b
> (]
- o LI, .w
' aesmrssse ™ w
. (3, 0811) 4ZSS © v © ° | 3
u (4,0091) 1£5S O i m
F (4,0091)0€5S O - ‘
e )
anIon

e s et e —————- iy e e




‘urdd g Jo oney ATV /3[2S ® Yitm Tang ¥y -4 Sursn
DTIE 1L o 30) eanjeradwial Jo uorouUng T s UOISOIAOD) *7G Iandr g

4 =~ ssnpmasdwng |90l

004 009i 00s:
T . o
e L4
-1
~jes
-
(3,08L1) 0SS V
(4,08LL) LTSS © ..rn
. (4,0091) 1E5S ©
v , | . (3,0094)0€SS O o2
| aN3931

e A e e a5 e

(SIIN) N384y ® Yideg




‘widd g jo opey I1y/3[eS © Yivm [3ng gH-4[ Sursn
0087 MYl 10J aanje«adwa] jo uordoung e ge Uols8o0lI0) °¢g anBr g

4 = sanjoisdwe) (D

008! ooLt _ 0091 00Ss! ool
T g Ao 0
8
= -t P
= © - 9
- T
- (4,05L1)825S © -49s
(4,08LL) LTSS ©
- (4,0091)1€SS © IT«
(4,0091)0€sS O
B GN3ION 14
L/

(sitW) 12941y jo yideg

91




‘wdd g jo ongey Iry/3 .
| : FV/3TeS ® Q3mm 1ang yy-gr Surs
00619 0¥ sanjeradway jo uorpoun g v se uoI80II0D .wnmmhouuwﬁw

4 - sunjoisdwasj (ojeyy

oost oo 00s1 oori
- v . 4 ﬁ L J d R A - 1 4 4 v 1— L4 ~ | °
— — '
- -8
-
. £
— ~19
(4 ,08L)0LsSS ©
» ) (1 08L0) LSSV  _o
v (1,0091) 1£6S ©
(1,0091)0€ss O 4,
GN393
T

f T T e et o g~y et e = oo - e o

e

(stiw) N0y jo yideg

92




01619 103 aInjerdaduwrady jo uoIlduNn g e 8e UOIBOII0D °Gg dinfrg

‘wdd g jo oyey ITy/i[eS B YImm [2ng ¥p-d[ Suisp

4 - sunjosndwie] (D)W

0094

(4,051)8Z5S V

+ (3,0091)0€SS O
aN393)

| (4,05L)L28S V.
(4,0091) 1£5S ©

|

(S1IW) 13841y o Yideg




{081

WYV 205 aansezaduray 1o uorOuUN g ¥ se uo

‘wdd g jo ovyey iry/ires ® ym en

1 - sunjoiedws] jojan

0091

1801305 *9g aanBr g

(1,0821) 8258 @
(4,06L1L) L2SS ©
(4,0091) 1ESS O
(4,0091)0€SS O

aNnioi

| B ~ | T

Rt il

L 14

(1) WIEity po Kideg

94




"wdd g jo opey Iry/3[eS € Yim [ang Yp -4 Suwen
191 THQd o] sanjeradway, jo uorja2uny e se uoIsoaIo) ‘) g dainfry

4 = sanjoaraduis] [Djo

006 00LL 0091 00s! )] 48
e J‘\ v T ~Y T 8 T ™ \E‘j °
% o
- v v - ¥
- | v -9
(4,0541) 8ZSS ©
(4,08LL) LTSS O
- (4,0091) 1ESS O T
_ (4,0091)0€SS O , © dye
AN3IDYT

(s11W) 1303y jo yidaQ

95




‘wdd g jo opey 11v/ires ® yimm
¢ M 9N ¥ -4 Buys
291 'THAd 20} eInjeradwa ], jo uoloung e se uoIs8o0II0 °gg ouﬁmhm

4 - sunyoiadwia| |Djoyy

008! Q0L 0031 oo0s? onrt
Y @— o
— — '
= -e
- ti
v

(4,06L1) 0TS 4. J

- o (3 0821)LESS V' -
(1,0091) 1€5S ©
- (4,0091)0€SS O ..T«
anN3Ioi1

L 14

(S11W) 130y @ yideg

96




"wdd g jo oy I1y/3i[eS € yimm [ong Wh-g[ Bursp
XB8ZLINI 10j 2anyeradwa] jo uorjoung e se UoI80I10) ‘(g anBr g

4 - sanjoiddwe} oo

008! 00Li} 0091t 00si ooy
| — T——0—o—@—0—6—0
&
o — o
.‘ - _ = LA
(4,05L1)8Z5S © = N
e (4,05L1) LTSS O ~{9 2 v
(1,0091) LESS O m 7
= (4,0091)0€$S O %:. = i
aN39311 ~
- vt ;o
14 M




‘wxdd g jo opey I1y/31es ® yimm Pngd ¥v-dr
8ursn gpx 0J 2anjexradway jo uorouny e sn uors0II0) g9 2anr s

4 - sanyoaadwa| |O)dW

¢ e —

0081 ooLl 0091 oosi 0oyl

O e — Y

— -1v

- e
(4,06L1)825S V

- (4. 06L1) LTSS V —91
(4,0094) 1£5S ©

- (1,0091)0€SS O —ot

aN3ION
- —{re
114

(s1tW) 33044y o yidag

98




"wdd g jo ouey 1ty ires € yim (on g Ht-dr e Sursn

00Ln To3 samyeaadwsy jo uoridun,y ® se uotsoiion 19 dandr gy

4 - o.::.:a_:o.p jo)ow

0081 00L1 0V9; 09061 oo
) — § elr Y > °
v
e / -8
v
v (4,08L1)825S ©
~ (4,0SL1) LTSS © %
(4,0091) LESS ©
- (4,0091)0£SS O -0t
aN3937
o1/

L P

(Sitw) N304y o yideq

99




‘wdd g jo oney i1y jreg e W ang g

~d[f 8uisp

00IN] 103 ?1njeradway jo uoijouny e ge uoriolron 79 aanBiyg
4 ~ ssnjosadws) oy

008! ooLl 0091 00$! aori
v T °
- 14
- g
b Tt

(4,05L1)825S ¥
v (4 0SLL)L28S V 9
i (4,2091) (€55 © gan

o (1,009tj0esS O

v

= o aN31923 ~{ve
-2 4

(S11W) N384y j0 yidag

100




008!

T T —

‘wdd ¢ jo ouey 1Ty /3jes © Yitm (304 ¥E-ir Buisn
DE 1L 02uf 10j axnjesadura y, jJo UOIOUNJ ® ' UOIEDIL0D) ‘g4 »indi g

4 - sanoaiadwis] D)

0oLt 0091 006s!

(4,06L1)5€SS ©
(3.0SL1)¥ESS U
(4,0094)E€5S ©
(1,0091)Z€SS O

aANION o)

1 3 ,-‘ | B LA ~ ?

A3

o

ot

1 4

et

(S1IW) X204y jo Yidag

101




"wdd § jo ogey 1iy/i[eS © YIm (304 ¥p-d[ Sutsp
O7T¢1L 02Ul 10j 2anjeradway, jJo uoIoUN] ® ¥ UOISOII0D) ‘b9 oandr g

4 - sunyosadwe] |oiep

0081 00L) 0091 00S1 oo
v v o
- -t ¥
o
- - O m m,u..
‘ ——y
ane J 4} e
(4,05L1)SESS © =
— (3,05L1)¥ESS ~o1 ¢
(4,009 )€EESS © P
- (40091)ZESS O Loz w
aN3ION < _
i vz |
t




‘wdd § Jo oney I1Y/I1TS € YiTw 3N Ub-d L Buisn
0081 M¥YY 10) aanjersduray jo uoiidung ¥ e HOIB0II0T ‘gn axndy 1

-

4 -~ dampiadwe] |08

103

(siiw) N304y jo yidag

oos: 00L) 009t 00451 zort
— WO —¢— OO ———0
= -f
e -9
= -~AZs
(3,05L1)5€SS U
- (3,08L0)9ESS U ~491
(,0091)€€5S ©
i (4.0091)ZESS O or
. anNIoI lj
-1l
st




‘wdd $ jo oney ITV/3IIES © Yim [ang Yh-4[ Sursq
006149 I0J arnjeradway jo uorydoung e ge uotgoxIo 99 Iindig

4 -~ sumypaadwa] |ojapy

0081 0oLl 009t 00S1 oot
v |1 v T v - 4 v IJ&  § °
— -y
L -ig
o
b aid
| (1,06L1)SE5S © o oz
(4, 0SL1)9ESS T -
(4,009%)€€5S ©
- (4,0091)TesS O .
aN3In31l
Joz

(S1IW) 12041y jo yidag

104

© g e et




‘wudd + jo oney 11y /IS © Yitm [dn4 i -d[ Fursn
0lé61d I0J axnjeradwa] jo uUOIIPUNJ B §B UOIE0II0D ‘29 AInF1 g

4 - 3anjoradway (o)W

009i

— (4,06L1)5€5S U
(4.0SL4)9ESS T
u (4,0094)€€SS ©
(4,0091)ZESS O

L aN3IO3IT

. &

4

9l

(14

| 24

(s1!W) 12041V jo yideg

105




‘wdd % jo onyey I1V/3[eS © Ym (3N Hy-4r Buispy 007
“W-HVW 10j eanjeradwa ] o uo1jdoung ® T uUOI6§0II07) g9 SanBryg

£ ~ sinjoisdn] |Dj0W

008} ooLt 0091 006! oo
— X o —e- 0
o -t P
== -8
- -9
(4,05L1)SESS ©
N (3,06L1)¥ESS © —0z
(4,0091)€€SS ©
(4,0091)ZESS O © o
o aN3Io? -re
14

(S1!W) X204y (o yideg

106




‘udd § 3o oyey I1V/I[eS © Yitm (a0 ¥WE-4f Suisp
191 'THAd 40J 2anjeradwus ], JOo UOIIDUN ] B 8B UOTB0II0D) ‘6a 2and1 g

4 ~ danjosadwa] |ojaw

0091 006t (1] o] 4

Tﬂr é.lTIJ,O

~r

—-18

-1T}

{(4,0SL1)SESS © V) —{91

(4.05L1)¥ESS O

(4.0091)€€SS © oz

(1.0094)ZESS O ]
AN3I9D31
el 44
-1 4

(S1'W) N304y o yidag

PR — — s o

107




L T U T

- 'wdd § Jo onyey ITV/3TeS B Y3 [ang Hb-g[ Baen
291 "THAg 403 2anjeradura], Jo uorjoung ®© se uctgoII0N (L 21081 g

4 ~ sunjoiddwal (Djapy

0081 0oL} 0091t 00st oori
T P—-0—9—0—- o
== -t b
- o -8
@)
- L (43
- (4,05L1)565S © 1%
(1,06L1)9E5S U
o {1,00%1)£E5S © oz
(1,0091)TecS O
- GNIDTY vz
] 4

(s11w) 120Ky |o yideg

108




'wdd ¥ Jo ouwy Ay /uwe B Yitm jan g Hb -4 Aursp
KBZLNT 10 danjeraduwia] Jo uopdun, 4 » R Uolscilony "1y »anfit g

4 = ®inpmindwny (olaW

008 0oLl @%; ° 00S1 ool
v 2 ©—— &—P-——7—0
v
jrosie e b 4
- 8
(1,05L1)SE5S ¥ e
(4,06L1)PESS 7
- (4 009L)EESY ) —{9t
(40091 LESS ()
n aN3IBd —oz
= vt
14

LR —

(S1tW) 2041V o Yideg

109




swdd £ ) on3ey I1V/IES B YIIm 30 Y -4 Jursn
0tX 10J aanjersdusa], JO uCTIDUNJ B SB UOISOIIO0T) *Z/. 24nvig

4 - a3an10sdwal jTiIW

0081 0oLl 009!t 00s1 ooY

— W OO —P—O—t———0

- - ¥
= —-18 uu o
2 =
r
- —Hu 2
4
(4,05L1)SESS U a
— (4,0SL1)VESS T =
(1,0091)€€SS © z
- (3,0091)Z€SS O oz =

anNiIonINn

..... By e e e R 5T o . vl




‘wdd  jo onyey a1y /3[R B Yyymm 1Pn4d ¥: -4 Auisp
0020 40) 2anjeladwa], Jo UCIIDUN ] B S UCISOII0D) ‘g, sanAt g

4 - 3anjosadwa; |ojdNy

0081 Q0Li Q091 2051 oowi
[t ——————— T — 1 8 {‘! ¢ JOW L] °
v
- -1
L (105L1)SESS W I A
(4,05L1)¥ESS
o (4,0091)€€SS © ot
(10091)ZESS O
N
" aNIOIN I4ON
- —{vz
1 4
hamaana R IRV TIPS PR S

(S1IW) 1204y j0 YideQ

111




‘utdd § Jo oneY J1V/IES © YIm [end ¥Yy-d Fuisp
OO INI 10J @anjeradwa], JOo uUOIIDUNY ® SB LUOISOII0D °}} 3anB13

4 - danjosadwa; (P3N

0081 0oLl 0091 0031 00l
NP r o—e—9—6—@ 0
— J | 4
- -6
- v -z
o
- 491
(4,05L1)SESS ©
_ (4 0SLLIVESS © —fot
(5,0091)€€5S ©
(40091)ZESS O .
= aN3o1 t
"] 4

(S1IW) 1230V |9 Nideg

112




PO N ISR, WS N - |y IR a1 e 4 R

4 ~sinjo.adwI] |D|IW

‘wdd g jo o1jey ATV/I(RS B I (S0, 91 "0) 120 S~ Aulsp paisay
D¢, odouf 1oy emjeroduaa ] Jo uolIdunN J ® SB UOISOII0D ‘¢ axndi g

GO8i ooLL 0091 00s!t 001
v Y T T Y Y T T Y T T Y —Y E e 0
TN o

_— o A 4

. / (@] -

. ° ‘

- // [®) =4

- 13N4 ¥¥dM— — oz
9SS O

SN - 'N
L EDER]

8t

pe b st o
EL ——

(S11W)N2D44Y jo yydeQ

113




‘wrdd g ye omyey ITV/ITeS ® yIum (%91 0) 1’0 §-d[ Buisf pa31say
DTIE 1L 0dur 103 3mjerddwa] jo uonPuUNJ © se HOIS0II0D) 9, IInBr g

-

e e < .

0081

&ol CL’-ULC\‘ECM IR L)

009!

00¢!

v —

T3NS ¥¥dl - —
9SO

aN3ION

14

114

{SHIW) W20)1y jo yjdeQ




‘wdd g jo ovjey ITy/3[eS B uitm (S% 91 °0) 1PN S-d [ Fuisp peysay
0081 MY L 210} omjezodwa; jO udI3DUNJ © SB UOIS0JI0T) 'L/ dxndiy

i- $In0IddWdf [vjIW

oo8i 00LL 0091 00S! oori
——Oo0—©0O /p Y Y ~Y 1 Y t 1 T 4]
~0O
—0o_ 0 ©

b= s ———— -1 1 4

- <48

- Hz

- 1INS ¥od M — — n 9

99sSO
i <102
aN3Inidl
- ~ v
8T
b MPORRN R Mo 2. 0 Aot

e e e e et

(S11W) N84V (o Yideg

115




‘wdd g jo oryey I1Y/I[ES T Yam (S% 91 °0) 19nd s-d But n paisal]
00619 10) 2mjeasdwa], jo uUo13d>UNJ ® S§® UOISOXI0D) gy aandryg

4 ~s2njoiadwa) oo

oo8i 00LL 009 00s1i oot
*) v -\ ) v v ~ p | LA v ~x - ¥ L e
(@
= / a4
= (o) 48
\ o o
T

NS~ e - 1303 ¥vdr— —- 4oz
995S0O
mpe
aN3oIN

| 14

(S11W) 12914y jo 4jdeg

116

—d




TR LB i e RTS8 e S St i e W e £ 8 0o e e i v F R BT AN (v, e o, L . PR

‘wdd g jo onyey 1ry/ites T wimm (S%91°0) 1974 s-af Butsp passay
01619 30j 2mnjessdwa], jo uorounyg e se UorsoIdon) "4 dandr y

J-%inivasdws) jojey

008 00Le oo9t 00s!| 00dL
AMIN.FI / v T T s T { | Sl 4 v | 4 L4 ¥ Y 0
a A o © b4
3 \
= \ 4
\ o ©
- AN o 4Tt
/ —
- ~———— 491
= 13N Nl — — ~ 0t
9$SO
b -1 9T
aNION

14

(SHW) ¥2041y 10 ydag

117




‘wdd g jJo onyey Jvy/Ites ' Yamm (S%91 "0) 1°nd -4 Buisn pisa1 (02
“-W-9VIW 10} smieradwa] Jo uolldung e v uoisollon) 'gg sindr g

i- 3njosradwa) (D)dy

009! COLl oo9t

oort

= S~—

— T ]

13INS vl ———
9rsSO

ANIONM

-14

(SHtW ) Nome 1Y |0 yydoQ

118




‘wadd g jo 013y 11V/3eS ® Yitm (S% 91 "¢) 12nd §-d [ Buls[) paisay
[o1 TH4aJd 410} smjearsdwa] JO uoIdDUNY B SB UOISOII0D (8§ sand1 3

4 =¥ njoidwa) (03N

£

o8l ooLt 0091 00S1 a0vl
m - /d \j — v T A4 A °

- o) // o 4

°\
= 48
- O O = k4!
i N o
// ]
= 3N §6df — — Lcn
S¥S$SO
- -f ¥t
GNIO3Y

b+ e TR s st

14

119

(SHKW)A2c14y 1> yidag




m ‘urdd g jo omyey ITV/IeS T YIwm (%91 °0) 19N ¢-dr Butsp paisay
: 291 7T9Qd 10j amjeasduwrs] jo uordunyg ® 8® UOISOIJION) 28 3andry

4 - danjoaddwa) |ojapy N
N 0081t o0L} 0091 00Gi oori
) llJlIvOllI-p T T Y- - v~ —l TN T ¥TTTTYIT T o T g = ey 0

O
w / © O 48 .
N -]
_ / :
~——_— s 9
= 4T ° —
1 O »
~ 19 3
(]
| 4
- 13INd ¥vdl— — -~ O N
9SS0 :
- -1 91
aniIod




‘wdd g jo opey 1ty/ites ® qitm (S% 91 *0) (a0 S-df Suts) paisay
X8ZLNI 407 a2anjeaadwa ]y, jo uopoun g e se uUoIsoLI0) *¢g 2anBy g

i -injoiadws] jojayy

0084
Y 0oLl i 0091 00S1 00vi
— |q ﬂ  § ™ q‘ — - 1 2 q‘ ™ Y T ° ’
i \® °c »° |
o 1
/ll\-\\
de
| :
<! ﬂ ~
pan v .
1IN ¥ ¥df —— 4or 3
996SO -
aNIoN 1% £
i .
~ *t
- 14




0081

‘widd g jo oney ITV/i1eS ® WM (S%91 "0) 1°nd G-d[ Jursn paisa]
OPX 103 aamjeaadwa ] jo uondUNJ ® 8€ UOISCIIO) ‘yg danByg

- 2innandws] Do

0oL} 0091 00s!

(voyscassoyoN) ¥ v —— —
9%$SO

ANIO

(4

”

(SItW) W28y |o yideg

122




‘wudd g jJo onyey ITV/3ITeS ® Yiwm (S%9[ *0) 12nd S-d [ Buis() pajsal
00401 203 3anjeaadwa] jo uoldoung T Se UOISOII0D) *¢g a4nBrg

4 =% anjossdwae] 10

009} 0oLt 00°! 006S1 oorl
L4 v v T 0 AW\ OIIIIO ¥ 1 T T 1 | 4 1
© o
\\

- -8

//I\ “o
= n LU S B}

4
- 49 3
1Nd ¥9dl — — -
- 9rsSO 4oz X
s

= GiH3IDIT vz

 J4




‘wedd g jo onyey 17y /3IES © Yiwm (S%91 °0) 19nd G-d[ Bursn p3isaL
0OINT J0j aanjeaadwa] jO uor3duUng € S8 UCIBOIIO0D) °"9g ¥Indr gy

m...::.oson.:o_. jojaw

008!} ooLl 0091 00%! oori
1 / Y 4 ¥ L3 J\ T L4 v 4 v L §

- / . .
m o - Tl
W / (o)

- AN 49

/ (o)

N e L © 13N4 ¥vdlr— — J oz
—_—— 99$S0O
| - e L
| aN3ION
,ﬁ (14

(51w ) 941y jo yideg

124

oyl




T

‘widd § jo orgey Iry/ifes © Yim jang p-gf Fuis paijed |
D€L 0duf 10) 3anjezadwa] jo uorduUNg © 8B UCIB0AI0D) ‘g Indrd

4 - d3anynisdws) |ojaw

0081 0oLl 00961 00S!1 00y
v
s S
-4
t 4 wn
4 S A =
>
- $INOHO9E O o1 #
:aoIO'ND H
sanoMaZL O k <
T =
T aANIDIT I.To -
T -19Z

1 4




‘wrdd ¢ jo oney ITV/IeS T Y3wm [ang y-4f Bursn pIyssy
008! MY L 10j axnjeradway Jo uolouUNg ® 8® UOIEOIIOD) ‘gg @anfr1 gy

4 - 92 yniadwe] |o)epy

003t 00L! 009i 00¢1 00y
i : ¥ . S , = 5 - r— = 0
- ¥
-9
-1
L ass.o_.nsﬂo LO—
aszzgﬂ D
" ncHOZL O LTN
aNini
- il 24

(S11W) 128}y o Yideg

C vm s o ac——, b—
-

126




‘wdd $ jo oney ITV/IPS ® Y3mm a0 g $-d Burs) pasay
01619 49) @2jeaadwa], Jo UodUNS B F€ UOISOII0) ‘6 2andryg

4 - a:njosedwa] [O)aW

ooLl 0091 00S1
4e 9
p-4
¥F [ o2
=PI =
w L 2
~or & |
$IMOH09EO m _.
n.-.-ﬁzg u oz = )
s1noHoz1 O < |
aN1931 vz w
m ,
g 14 | o




et b a3 e s e e e S ]

‘wdd  jo oney ITY/ITeS T Yivn [ang p-gr Buisn pazsay
X8ZLNI 10} aanjexaduiay jo uoirjdounyg ® 8e uOIS0IIOD ‘06 2InBi g

4 ~ 3anyniadwe] [Djoyy o
0081 00LiI 0091 0051 oort
1'
- 4o 9 .
»
> 2
— ~qus & -
>
b -191 .-..v
$INOHOOEOD -
ahsz O'N u m
r -
us’OION- o LON “
anNiIniIl ~
o e | 1 4

14




*4noH09E O

$4noH 0pZ O

51004 0ZL O
aAN31937

*ardd ¢ jo onyey arty/3ies © Yitm [3ng ¢-d[ Juisn pAIsaL
I1H X82ZLNI 10) sanjexadwa] Jo uonizun g e e UOISOII0D *[¢ dindig

&l

sunjozadwas] D)9

<H vm\moOmf ‘ay «.\,moomom Juduaiear ] e’y

0

4

9l

ot

1 £ 4

14

(S1IW) X381y §o yideg

129




0081

‘wdd § jo oney ITV/I[ES © Yiwm (304 p-gr Bursn peysay
004N I0) aanjeradwa] jo uolPUNJ ® 8B UOISOIIOD 26 2InBr g

4 = sanjosadwae| |Djaw

asaoIOono
n.:-OI OfN D
SINOHOTL O

AN3I9D3T

oo
0

9c

(S1IW) 12914V o yideg

130




e B S W

‘soyyey a1v/ires wdd g pue { Buisn s1ang Wy -4 PuU® p-d[
Yitm paysa] sLo[ly JouorsoxaoD [ejo] ui ucyjeirep Buwmoyg ydean xeg ‘¢ aanBr g

AO1NY

008! 91 191 1L Ot 00Z
orX XBZLN) MUl o0oLN 1¥4d J¥Q4 ODNI ODNI 01618 -W-NYW

30 sunjosddwa] sa
UOIDAIBUI4 jo ydaq J3puUn I3y,

a1y /y)og wddy . (SXZO) v-dr[_____ ]
iV /e wddg - (sx70') ¥ -2r SHNEEN
21y/ 410G wddy -(SX )W P -dl w7
diy/ o wddg - (S XL ) Yo -d =55

aN3ISN

‘NI 'OS — NOISO¥¥0)D 1VIOL

131




‘19ng Hb -4 Buisf) pa383] SAO[[Y I0j Juajuor)

winiwoay) JO uoljdun g e s® UCIS0II0)) [e30L °*p6 2andryg
("12d M) WNINOUNHD
ot 8l 9! 143 (43 ot e
|| A >4 L I |
195184 ¢} \
: DRI AHIig T3 WOdQ
[gqere
1911804 m..m N INIO/ 2y
\ \ oibig S z
J1ELLODNI ooz W
o
-f
»
’ - o
(o) —
o
=
»
o
Q
sain0) Sinjusedwie] SA ® \ . 9 m
uoyDIjBuRy JO yjdaq JepL BBy . . OOLN! -
| wddyO 00T W ¥ m
wddg @ a
~
aN3H3? 1T -
006120 ot

e e

e —— — — Vintqst St et e 1




|
1
|
|
)
|
|
J

C e e i S i Ty
-

‘wudd g joonyey 11y/ites e Buts) paisal sAO[[V AC] Juajuon)
wnmwodyy) jouoidun g e se arnjeradwa ] proysaayl ‘6 24n81 g

((1°d "M Husjuo) wnrwosy)

ot g1 9l ri zi ] 8
| T | T T 1| T
0oL A
00Z- |
, JNLOIML OFHLOINI W-3v omoﬁ\ =
\. 4 qos» 3 }
| 0ol o6l -3 - )
| So:s ® & - _
Sca._ - .
’ U
7% %
: e
333.. 2
s
(My-dr)sxor' @ Hossi = ;
(v-dr)S3T0° @ ,a.
aN3IOIN
XSTLNI
—{009t




*wdd $ jo opey I11y/31es € pue (@ng y-d4¢ wcm.n@ .
p2183a L SAOI[Y 10j W] Yilm UOIS0IX07) [I0], ;0 UCRHERI®A “gb 2IndLg

AOTIY
_ 2oL N L1 XSTLNI XBTLNI oléie 0081 ¥l DtiL OONI
; | \
w \
t ;
-z
3
v 3
:
»
]
&
saxsodzy ssnop 00 K
amsedn] sm0H 092 N\ | : : o de

asnsedyz SINOH OCL

’ NI




"?angodxg JOo dWIL]L JO uolIUNJ © 8E Jd_0SS1 3® yoeny jo yidag 26 @anBr g

sanoj - swy)

;
! 09€ ort ozi | B
w r 0
m
w - ~g i
|
i i -« g m
2
b “
~ L < o ‘
4
o ot 3
008L M¥1 O -
| JELLOSNI O Jdor % |
01618 X - | |
- aN191 vt P L
14
. - iy




U700 Mag: 400X

IN728X Mag: 400X

Figure 98. Oxidized Surfaces of U700 and
IN728X After 360 Hours of Testing at 1700°F.
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Optical Image

Aluminum X-ray Image

Chromium X-ray Image

Mag. 400X

Figure 99. Optical and Microprobe Images of Needle Phale
Surface of IN728X After 360 Hours of Testing at 1750°F.
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Oxide Layer

ALUMINUM

TRW 1800

Do.plﬁlon Zone

interface
CHROMIUM

Depletion Zone
<uifides Matrix

i

Carbide

M .

Figure 102, Examples of Microprobe Line Scans for Aluminum
and Chromium Near the Surfaces of Corroded Specimens,
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Fine Precipitate
Ahead of
Advancing e

Sulfidation Front

Deplieted Zone = o
Snlfides §

Grain /

Boundary
Sulfidation

Mag. 500X

Figure 103, Photomicrographs Showing Typical Sulfidation Affected
Ares in Materials Examined by Microprobe Analysis.
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